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Abstract: A benefit of living in groups is the potential to evolve coordinated antipredator strategies.
Sentinel behaviour is a form of coordinated vigilance behaviour, where usually one individual adopts
a raised position and scans the environment for the presence of predators, while the rest of the group
is foraging. All adult group members contribute to sentinel behaviour, however, the extent to which
each individual acts as sentinel varies greatly. Understanding the specific underlying costs and bene-
fits of cooperative behaviours to explain this variation among individuals, groups and populations has
remained one of the major questions in the field of behavioural ecology. Another important aspect of
cooperative behaviours is their coordination. Many animals evolved specific vocal signals to coordinate
cooperative behaviours among group members. To fully understand the mechanism underlying the inter-
action between the producer of the signal and the receiver(s), it is fundamental to recognize the specific
vocalisations involved, understand their function and information content as well as how this information
is subsequently used by other group members to adjust their own behaviour accordingly. In my thesis,
I focused on cooperative sentinel behaviour in meerkats (Suricata suricatta). Sentinel behaviour is well
suited to investigate the underlying costs and benefits of cooperation because it represents a combination
of costly aspects, i.e. foregoing foraging, as well as beneficial aspects such as adopting a safe position, or
potential information gathering or reputational aspects, which are not yet clear in meerkats. Moreover,
meerkat sentinels produce six distinct sentinel call types, but little is known about the underlying reasons
for this comparatively large sentinel call repertoire, the information that can be encoded therein and the
use of this information by group members. Combining both aspects together, individual variation in
cooperative behaviour as well as its vocal coordination, I aimed to improve our understanding of how
social and environmental factors promote or constrain this cooperative behaviour and how they affect
the extent and mechanisms underlying its vocal coordination. The results suggest that the amount of
sentinel behaviour an individual displayed was highly dependent on condition and predation risk. I found
that during a drought - an extreme environmental condition with very low food availability - the extent
of sentinel behaviour decreased significantly, especially in young individuals, small groups and groups
with dependent young. The vocal coordination between sentinels and the rest of the group including the
production of all six types of sentinel calls was already done by young meerkats when they first started
to act as sentinels. Moreover, call rates and acoustic parameters showed little change with increasing
age and experience. Quantifying whole sequences of sentinel calls produced during a sentinel bout re-
vealed that the order of the call types was produced in a graded way and contained information about
the identity of the caller. Testing whether the conveyed information about sentinel identity in calming
sentinel calls was meaningful for the receivers resulted in clear discrimination among signallers, whereby
receivers relied most on calming calls produced by the most experienced sentinels and littermates. Eco-
logical conditions, too, specifically drought condition, resulted in a flexible adjustment of the behavioural
response of foraging group members when hearing sentinel calls. The research presented in this thesis
provides strong evidence that sentinel behaviour as well as its vocal coordination are driven by a strong
trade-off between the costs of foregoing foraging and the risk of being predated. Comparison with other
cooperative breeders inhabiting less-constraining environments will provide valuable insight into variation
in cooperative tasks among individuals, as well as the influence of social and environmental variables on
vocal complexity.
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A benefit of living in groups is the potential to evolve coordinated antipredator strategies. 
Sentinel behaviour is a form of coordinated vigilance behaviour, where usually one individual 
adopts a raised position and scans the environment for the presence of predators, while the rest 
of the group is foraging. All adult group members contribute to sentinel behaviour, however, the 
extent to which each individual acts as sentinel varies greatly. Understanding the specific 
underlying costs and benefits of cooperative behaviours to explain this variation among 
individuals, groups and populations has remained one of the major questions in the field of 
behavioural ecology. Another important aspect of cooperative behaviours is their coordination. 
Many animals evolved specific vocal signals to coordinate cooperative behaviours among group 
members. To fully understand the mechanism underlying the interaction between the producer 
of the signal and the receiver(s), it is fundamental to recognize the specific vocalisations involved, 
understand their function and information content as well as how this information is 
subsequently used by other group members to adjust their own behaviour accordingly.  
In my thesis, I focused on cooperative sentinel behaviour in meerkats (Suricata suricatta). 
Sentinel behaviour is well suited to investigate the underlying costs and benefits of cooperation 
because it represents a combination of costly aspects, i.e. foregoing foraging, as well as beneficial 
aspects such as adopting a safe position, or potential information gathering or reputational 
aspects, which are not yet clear in meerkats. Moreover, meerkat sentinels produce six distinct 
sentinel call types, but little is known about the underlying reasons for this comparatively large 
sentinel call repertoire, the information that can be encoded therein and the use of this 
information by group members. Combining both aspects together, individual variation in 
cooperative behaviour as well as its vocal coordination, I aimed to improve our understanding of 
how social and environmental factors promote or constrain this cooperative behaviour and how 
they affect the extent and mechanisms underlying its vocal coordination. 
 The results suggest that the amount of sentinel behaviour an individual displayed was 
highly dependent on condition and predation risk. I found that during a drought - an extreme 
environmental condition with very low food availability - the extent of sentinel behaviour 
decreased significantly, especially in young individuals, small groups and groups with dependent 
young. The vocal coordination between sentinels and the rest of the group including the 
production of all six types of sentinel calls was already done by young meerkats when they first 
started to act as sentinels. Moreover, call rates and acoustic parameters showed little change with 
increasing age and experience. Quantifying whole sequences of sentinel calls produced during a 
sentinel bout revealed that the order of the call types was produced in a graded way and contained 
information about the identity of the caller. Testing whether the conveyed information about 
sentinel identity in calming sentinel calls was meaningful for the receivers resulted in clear 
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discrimination among signallers, whereby receivers relied most on calming calls produced by the 
most experienced sentinels and littermates. Ecological conditions, too, specifically drought 
condition, resulted in a flexible adjustment of the behavioural response of foraging group 
members when hearing sentinel calls.  
The research presented in this thesis provides strong evidence that sentinel behaviour as 
well as its vocal coordination are driven by a strong trade-off between the costs of foregoing 
foraging and the risk of being predated. Comparison with other cooperative breeders inhabiting 
less-constraining environments will provide valuable insight into variation in cooperative tasks 
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Living in Groups 
Many animals live in stable social groups ranging from small family units including a breeding pair 
and their offspring – a system seen in many bird species but also some mammals - up to large 
groups of animals such as fish schools or bird flocks. Regardless of the vast differences in group 
size and kinship structures, social groups can be generally defined as a group of conspecifics, 
which co-occur spatially and temporally as a result of mutual attraction to each other rather than 
the attraction to the same resource or physical condition (Parrish and Hamner, 1997; Pitcher and 
Parrish, 1992; Wilson, 1975). The high abundance of group-living across taxa indicates that the 
net benefits of close association with conspecifics exceed the potential costs, which include 
increased disease transmission (Hoogland, 1979; Hoogland and Sherman, 1976), increased 
competition for resources and reproduction (Hoogland, 1979), or increased risk of infanticide 
(Hoogland, 1985). In contrast, there are two main factors, which are thought to be crucial drivers 
for grouping: enhanced access to resources and decreased predation risk (Davies et al., 2012; 
Hamilton, 1971; Kenward, 1978; Krause and Ruxton, 2002; Macdonald, 1983; Zoratto et al., 2009). 
The decrease in predation risk is based on several, non-mutually exclusive mechanisms including 
increased predator detection (Kenward, 1978; Pulliam, 1973), dilution of individual predation 
risk as a proportion of group size (Hamilton, 1971; Pitcher and Parrish, 1992), the difficulty to 
single out and attack an individual (Neill and Cullen, 1974) and the potential to evolve coordinated 
group defence strategies (Birkhead, 1977; Kruuk, 1964).  
 
Evolution of Cooperation 
As a consequence of group-living, some species have evolved cooperation among group members 
in order to coordinate certain behaviours, such as predator avoidance behaviours, offspring care 
or food acquisition (Clutton-Brock, 2016; Silk, 2007). Cooperative behaviours can be divided into 
two categories: mutualistic behaviours which generate direct fitness benefits to cooperators 
through its benefit to others (West et al., 2007) and altruistic behaviours, during which a 
cooperator pays a cost for another individual to receive a benefit (Hamilton, 1964; Nowak, 2006; 
West et al., 2007). Since selection is based on competition between individuals – whereby the 
fittest individuals display the highest survival and contribute most to future generations – 
explaining the evolution of costly forms of cooperative behaviours presented a major challenge in 
behavioural ecology since the days of Darwin (Darwin, 1859). Several mechanisms have since 
been proposed that show how natural selection can lead to the evolution of cooperation while 
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maintaining the underlying competitive character. Hamilton’s rule states that selection can favour 
cooperation if the cooperator and the receiver are genetic relatives, thus providing indirect 
genetic benefits for the cooperator (Hamilton, 1964). However, cooperation is not only limited to 
relatives, but also occurs between unrelated individuals within and between groups (Dugatkin, 
1997), or even between individuals of different species (Trivers, 1971; Trivers, 2006). When 
cooperator and receiver repeatedly interact with each other, direct reciprocity including tit-for-
tat (Axelrod, 1984; Axelrod and Hamilton, 1981), generous tit-for-tat (Nowak and Sigmund, 1992) 
and win-stay-lose-shift theories (Nowak and Sigmund, 1993), have been developed to explain the 
evolution of cooperation among unrelated individuals (Nowak, 2006). Here, an individual’s 
decisions whether to cooperate or not is based on the previous interactions with the receiver 
(Trivers, 1971; Trivers, 2006; Wilkinson, 1988). Furthermore, indirect reciprocity, characterised 
by an individual A helping B while C is watching and resulting in increased chances of C helping 
individual A at a later stage, thus representing reputational aspects, successfully explains 
cooperation where pairs only meet randomly (Nowak, 2006; Nowak and Sigmund, 1998).  
In addition to the underlying mechanism of cooperation, environmental circumstances 
highly affect the evolution and extent of cooperation. Territory quality, access to breeding 
opportunities and resource availability are important factors influencing individuals’ decisions to 
invest more into cooperative behaviours or alternatively into their own survival and reproduction 
(Komdeur, 1992). In particular cooperative breeding – a social system where only the dominant 
pair reproduces, and other group members forego reproduction and help raise the dominant pair’s offspring (Gaston, 1978; Solomon and French, 1997; Stacey and Koenig, 1990) – has been 
demonstrated to be closely linked to environmental conditions (Arnold and Owens, 1999; 
Komdeur, 1992; Rubenstein, 2011; Stacey and Koenig, 1990). Recent work on the global 
occurrence of cooperative breeding in birds and mammals demonstrated that cooperative 
breeding is closely linked to arid habitats with high variation in rainfall and temperatures across 
years (Jetz and Rubenstein, 2011; Lukas and Clutton-Brock, 2017). The resulting unpredictability 
in resource availability has likely affected the costs and success rates of dispersal (Komdeur, 
1992) and independent reproduction (Rubenstein, 2011). In contrast, the benefits of staying with 
the natal group and engaging in territory defence (Gaston, 1978; Shen et al., 2017) as well as 
gaining mutualistic and indirect genetic benefits by contributing to alloparental care (Clutton-
Brock, 2002), are likely to be increased under harsh conditions, facilitating the emergence of 
cooperative breeding. 
 Variation in contribution to cooperative activities varies substantially between species, 
populations within species, groups as well as between members of the same group (Bergmüller 
et al., 2010; Clutton-Brock, 2016). Most animal groups are not composed of uniform individuals, 
but instead contain individuals of different age, sex and dominance categories. These differences 
between group members result in specific cost-benefit ratios for each category, which often 
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underly individual differences in the amount of contribution to cooperative behaviours (Barclay 
and Reeve, 2012; Clutton-Brock et al., 2000; Clutton-Brock et al., 2002; Kern and Radford, 2013; 
Russell, 2004). Understanding the specific underlying trade-offs each group member faces is 
necessary to explain variation in cooperation within and between groups and populations and, 
ultimately, advances our understanding of the selective conditions under which cooperation 
evolved and how it is maintained. 
 
Vocal Coordination of Group Living and Cooperative Behaviours 
Living in groups requires individuals to coordinate their daily activities across different contexts including coordination of different individuals’ foraging needs and preferences while maintaining 
group cohesion, coordination of cooperative behaviours, or warning group members of predators 
in order to initiate individual flight responses or a coordinated group defence. Besides olfactory, 
visual or electric communication, one of the most common coordination mechanisms in animals 
is vocal communication. Here, a signaller produces an acoustic signal, which is perceived by the 
receiver and leads to a change of the receiver’s behaviour, resulting in a net benefit for both parties 
(Bradbury and Vehrencamp, 1998). Acoustic signals vary substantially in their structure, function 
as well as information content depending on the context in which they are produced. Short 
distance contact calls, for example, are soft vocalisations between members of a group, or between 
mothers and their offspring, which facilitate spatial coordination between the caller and the 
receivers over short distances (Fischer et al., 2001; Gall and Manser, 2017; Kondo and Watanabe, 
2009). In contrast, some calls related to male quality or territorial ownership such as a roaring of 
lions or red deer stags can be very harsh in their structure and heard over long distances (Clutton-
Brock and Albon, 1979; Pfefferle et al., 2007; Reby and McComb, 2003).  
To understand the information encoded in acoustic signals – and therefore their function 
and evolutionary background – it is essential to investigate both the contexts resulting in the 
production of the signal as well as the response of the receivers when exposed to the signal 
(Macedonia and Evans, 1993; Marler et al., 1992). For example, alarm calling behaviour where 
prey animals across many taxa produce warning or alarm signals when they spot a predator, 
which lead to appropriate flight responses or coordinated defence strategies of group members 
(Caro, 2005; Sherman, 1977). Although elicited in the same context, the information encoded in 
alarm calls and the according responses expressed by the receivers can be grouped into two 
distinct categories. Some alarm calls reflect the emotional or internal state of the calling individual 
(Gill and Bierema, 2013; Marler et al., 1992). In marmots, for example, alarm calls are closely 
associated with the caller’s perceived risk, which varies with the urgency of the situation, and 
receivers respond with a general flight response, independent of alarm call type (Blumstein, 1999; 
Blumstein and Armitage, 1997). In contrast, functionally referential alarm calls refer to specific 
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external objects or events in the environment of the caller (Gill and Bierema, 2013; Marler et al., 
1992). Vervet monkeys (Chlorocebus pygerythrus) produce different types of alarm calls for 
leopards and for eagles and moreover, in the absence of a predator, hearing a leopard alarm call 
results in Vervet monkeys moving into trees, while playbacks of eagle alarm calls made them look 
up and run to shelter into bushes (Seyfarth et al., 1980). Thus, even in the absence of a predator, 
these calls contain indexical information about the type of predator and elicit distinct behavioural 
responses (Seyfarth et al., 1980). 
Besides information about the internal state of the caller and indexical information about 
external objects or events in the animals’ environment, some calls contain (additional) 
information such as caller identity (Robisson et al., 1993), group identity (Boughman, 1997), or 
caller characteristics including age, sex or dominance status (Bouchet et al., 2010; Briefer and 
McElligott, 2011a; Vannoni and McElligott, 2007). Information about caller characteristics allow 
receivers of the signal to adjust their behavioural response accordingly. For example, individual 
specific contact calls facilitate parent offspring recognition in colonial or group-living species, 
resulting in reduced likelihood of misdirected parental care as well as increased offspring survival 
(Balcombe, 1990; Balcombe and McCracken, 1992; Sayigh et al., 1990). Calls containing 
information about body size, such as the roaring of red deer stags (Cervus elaphus) can be used by 
competitors to assess the competitive ability of the caller, as well as by potential mates during 
mate choice (Charlton et al., 2007; Clutton-Brock and Albon, 1979; Reby et al., 2005). 
Vocal signals represent an important source of social information, which can be used by 
other group members in order to acquire information about their environment. Using social 
information by monitoring other group members behaviour or calls – in contrast to acquiring 
personal information about foraging opportunities, mate quality or predation risk – has several 
benefits including faster transfer of information, enhanced skill learning and lower costs of 
information acquisition (Danchin et al., 2004; Galef and Giraldeau, 2001; Giraldeau, 1997; Valone, 
2007; Valone and Templeton, 2002). On the other hand, social information can also be costly as it 
holds the risk to be inaccurate, irrelevant or deceptive (Beauchamp and Ruxton, 2007; Giraldeau 
et al., 2002). To minimize the potential costs of social information, some animals assess the quality 
and relevance of the provided information by relating information about the calling individual to 
past performances of that individual, usually referred to as reliability assessment (Blumstein et 
al., 2004; Cheney and Seyfarth, 1988; Hare and Atkins, 2001). For example, after hearing alarm 
calls from unreliable individuals, yellow-bellied marmots (Marmota flaviventer) spend less time 
foraging and more time assessing the relative risk compared to when they hear alarm calls from 
reliable callers, which have produced more reliable signals in past predator encounters 




Sentinel Behaviour and Calls 
Sentinel behaviour is a form of coordinated vigilance behaviour, where usually one individual 
adopts a raised position and scans the environment for the presence of predators, while the rest 
of the group is mostly foraging (reviewed in Bednekoff, 2015). Sentinels occur mainly in 
cooperative breeding species, including social mongooses (Clutton-Brock et al., 1999b; Rasa, 
1986), babblers (Ridley and Raihani, 2006; Wickler, 1985; Zahavi, 1990) and primates (Hall, 1960; 
Horrocks and Hunte, 1986). Sentinels have been demonstrated to detect predators more 
frequently and from greater distances than foraging group members (Manser, 1999; Wright et al., 
2001b) and foraging group members show a higher foraging efficiency when a sentinel is on guard 
(Hollen et al., 2008a; Manser, 1999). Therefore, sentinel behaviour minimizes the trade-off 
between vigilance and foraging behaviour for the other group members. Although most adults of 
a group contribute to sentinel behaviour, there is substantial variation in the amount of sentinel 
behaviour among members of the same group as well as between groups and populations. The 
underlying reasons for the large observed variation in cooperative sentinel behaviour remain 
unclear.  
In most species known to have a sentinel system, sentinels produce specific calls informing 
the rest of the group about the presence of a guard, as well as in some cases information about the 
perceived risk (Hollen et al., 2008a; Kern and Radford, 2013; Rasa, 1986). In dwarf mongoose 
(Helogale parvula), the so called “Watchman’s song” describes the continuous production of a 
single sentinel call type, whereby the call rate varies with perceived risk (Kern and Radford, 2013; 
Rasa, 1986). In contrast, meerkat sentinels continuously produce multiple different sentinel call 
types (Manser, 1999), and in case of a detected predator, they emit functionally referential alarm 
calls including information about the type of predator as well as the urgency of a response 
(Manser, 2001; Manser et al., 2001; Manser et al., 2002). Previous work on meerkat sentinel calls 
has identified six different call types (Manser, 1999). The sentinel calming calls are produced when no predator is in sight and function as an ‘all-clear’ call, leading to an increase in foraging 
behaviour and a decrease in vigilance behaviour by the rest of the group (Rauber and Manser, 
2017). Sentinel warning calls, on the other hand, are emitted when the sentinel individual 
experiences an increase in perceived risk and function as a pre-stage of alarm calls, leading to an 
increase in vigilance behaviour and a decrease in foraging by receivers (Rauber and Manser, 
2017). Therefore, meerkat sentinels inform the other group members constantly about subtle 
changes in the perceived predation risk, which then leads to behavioural adjustments by foraging 






The general objective of this dissertation is to improve our understanding of how social and 
environmental factors influence both the contribution to cooperative sentinel behaviour and the 
acoustic coordination between the sentinel and the rest of the group. Despite the increasing 
amount of data on sentinel behaviour across taxa, we still do not understand the underlying costs 
and benefits for the individual acting as sentinel guard. Investigating the extent and variation with 
which individuals within and between groups and populations contribute to sentinel behaviour is 
a key step in understanding the potentially individual specific costs and benefits involved. I 
investigate this by using long-term observational data collected over 20 years, allowing me to 
address the large variation in individual contribution to sentinel behaviour of hundreds of individuals across years and ultimately across individuals’ lifespans.  
Using acoustic recordings and playback experiments I aim to enhance our understanding 
of the proximate mechanisms used by the sentinel to provide information about the current 
perceived risk as well as the use of this information by foraging group members. Having six 
distinct sentinel call types, meerkat sentinels seem to possess a more complex acoustic system to coordinate sentinel behaviour compared to other species’ sentinel systems. Understanding the 
underlying causes and consequences of having such a complex vocal coordination of sentinel 
behaviour in meerkats allows us to further advance our understanding of the function and 
mechanisms of complex acoustic signals in animal communication systems, as well as under 
which selective conditions they can evolve. In particular, I am focusing on call type use and the 
extent of individual distinctiveness throughout the ontogenetic development of sentinel calling in 
young individuals, the structure and information content of complete sentinel sequences across 
all age classes and lastly how receivers adjust their behavioural response to sentinel calls 
dependent on the identity of the caller as well as  the current environmental conditions. 
By applying this complementary approach, we will have a clearer understanding of how 
the biotic and abiotic environment constraints or promotes this cooperative behaviour. Moreover, 
advancing our knowledge about the function of sentinel calls, the complexity of call sequences, 
ontogenetic development and response to calls by conspecifics allows us detailed insight into the 
proximate mechanism of the coordination of sentinel behaviour. All chapters together improve 
our understanding of how cooperative sentinel behaviour evolved, is maintained and coordinated 






Study Species and Site 
Meerkats  
Meerkats are small (adults are about 800g), highly sociable mongoose (Herpestidae family), 
occurring in arid, semi-desert areas of the Kalahari Desert in southern Africa (Doolan and 
Macdonald, 1996). They live in groups ranging from 3 up to 50 individuals composed of different 
age classes (pups ≤ 3 months, juveniles >3–6 months, subadults >6–12 months, yearlings >12–24 
months, and adults > 24 months; Clutton-Brock et al., 1999a). Meerkats are cooperative breeders 
resulting in stable groups consisting of a dominant, reproductive pair and several subordinates, 
which help to rear the dominant pair`s offspring by providing them with food and protection 
(Clutton-Brock et al., 2001b; Clutton-Brock and Manser, 2016; Clutton‐Brock et al., 1999). 
Meerkats are diurnal and spend the majority of the day foraging as a cohesive unit - often moving 
within a distance of 20–50 meters from the closest shelter (Manser and Bell, 2004) -  in search for 
invertebrates such as millipedes, larvae or scorpions as well as more rarely small vertebrates 
including geckos, lizards, small snakes, or rodents (Doolan and Macdonald, 1996). Active foraging 
often involves digging in the soil for prey, which prevents them from visually scanning their 
surroundings for the presence of aerial predators, such as martial eagles (Polemaetus bellicosus), 
and terrestrial predators, such as jackals (Canis mesomelas) (Clutton-Brock et al., 1999a). The 
combination of the open environment, the inability to scan it during foraging and the variety of 
predators led to the evolution of an elaborate sentinel system (Clutton-Brock et al., 1999b). 
Meerkat sentinels continuously produce six types of sentinel calls, informing other group 
members about the current perceived predation risk, as well as functionally referential alarm calls 
when a predator is spotted (Manser, 1999, 2001; Manser et al., 2001; Manser et al., 2002; Rauber 
and Manser, 2017). 
 
Kalahari Meerkat Project 
The data for this thesis has been collected at the Kalahari Meerkat Project (KMP), located at the 
Kgalagadi Transfrontier Park (KTP; 1993-1996) and the Kuruman River Reserve (KRR; since 
1996) in the southern Kalahari Desert, Northern Cape, South Africa (for more information about 
habitat at the study site, see Clutton-Brock et al., 1999a; Russell et al., 2002). I used long term data 
from both study populations as well as recordings and playback experiments conducted between 
2014 and 2017 at the KRR. Both study sites consisted of the same semi-arid habitats (Clutton‐
Brock et al., 1999; Doolan and Macdonald, 1996). However, predation risk at the KTP was much 
higher compared to the KRR (total number of predators per 100 hours of observations was 
20.29±11.24 in the KTP and 4.49±6.38 at the KRR), resulting in significantly different mortality 
rates (Clutton-Brock et al., 1999a). As part of the KMP’s long-term data collection, all group 
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members were uniquely dye marked to allow individual recognition, and one or two individuals 
of each group were fitted with radio-collars to facilitate localization of the group (Jordan et al., 
2007). All groups were habituated to close human observations and to the microphone and 
playback equipment, allowing us to perform recordings and playbacks within a distance of 0.5 m 
and 1-2m, respectively, to the test subjects. 
 
Thesis Outline 
The aim of this dissertation is to investigate how social and environmental factors influence 
different aspects of cooperative sentinel behaviour and its vocal coordination. By focusing on 
ultimate and proximate aspects of this cooperative behaviour I aim to improve our understanding 
of the large variation in contribution to sentinel behaviour among individuals, groups and 
populations, and how group members use vocal signals with multiple levels of information 
content and complexity to coordinate it. 
Chapter 1 explores the large individual variation in contribution to cooperative sentinel 
behaviour within and between groups. Addressing differences across individuals in the amount 
of cooperative behaviour they show is crucial to understand the underlying costs and benefits 
involved and ultimately the evolution and maintenance of cooperation. This chapter addresses 
how social factors including age, sex, dominance status, group size and the presence of littermates, 
as well as environmental factors, in particular, predation risk, influence contribution to sentinel 
behaviour across individuals, different groups and two different populations. I present the three 
current hypotheses about the evolution of sentinel behaviour and evaluate them using a large 
dataset of over 20 years, which allows me to examine how much time individuals invest into 
sentinel behaviour across years and ultimately across individuals’ lifespans. 
Chapter 2 addresses the importance of environmental factors, specifically rainfall, on 
contribution to sentinel behaviour and the responsiveness of foraging group members to sentinel 
calls. As cooperative breeders, meerkats have evolved under harsh conditions with high variation 
in rainfall and temperatures. Under normal conditions costly cooperative behaviours are conditional on an individual’s food intake. However, the effect of naturally occurring extreme 
environmental conditions on the persistence of costly forms of cooperative behaviours and their 
vocal coordination remain unknown. In this study, I compare individual contributions to sentinel 
behaviour across three different environmental conditions: wet, dry and drought. Besides 
potential change in investment to cooperative behaviours as a result of drought, we compared 
responsiveness to sentinel calls during a wet condition and a drought condition, investigating the 
consequences of the environment on the responsiveness to certain types of sentinel calls.  
19 
 
Focusing specifically on the vocal coordination of sentinel behaviour, in Chapter 3, I 
explore the ontogenetic development of sentinel calling behaviour in young meerkats. Knowing 
the different functions of the sentinel calming calls and sentinel warning calls allow me to address 
questions about when and how young meerkats start producing the different types of sentinel 
calls and whether they undergo acoustic development. While sentinel calming calls refer to the 
absence of a predator, sentinel warning calls act as general pre-stages of alarm calls, thus 
potentially resulting in differences across ontogenetic development. I test when young animals 
begin to go on guard, when the different types of sentinel calls can be found in the vocal repertoire 
and finally I measure a set of acoustic parameters quantifying the amount of individuality from 
when they first started to go on guard until reaching adulthood.  
Chapter 4 moves from the production of single sentinel call types to investigating 
complete sentinel sequences produced during a sentinel bout. Animal vocal sequences are used 
in many different contexts and thus take on many different functions. Meerkat sentinels 
continuously produce long sequences composed of the six described sentinel calls, but despite 
knowing the functions of some of the sentinel call types, nothing is known about the ordering of 
the sentinel call types and its potential information content. This study tests if the order of the 
different sentinel call types and alarm calls is produced in a graded way within longer call 
sequences and whether sentinel sequences contain additional information about group and/or 
caller identity, rank, sex or age. 
Chapter 5 investigates how social factors, such as age, dominance and experience influence other group members’ responsiveness to sentinel calls. Sentinel calls represent an 
important source of social information for other group members that provides information about 
the temporary perceived predations risk experienced by the sentinel individual. However, social 
information can be costly when the provided information is inaccurate or irrelevant for receivers. 
Using playback experiments coupled with focal observations of the receivers of the signal, this 
study examines how social factors influence other group members decisions to rely on the 


























1. ECOLOGICAL AND SOCIAL EFFECTS ON 
INDIVIDUAL VARIATION IN SENTINEL 
BEHAVIOUR IN MEERKATS 
 
R. Rauber, M.B. Manser, & T.H. Clutton-Brock 
 
ABSTRACT 
Individual differences in the contribution to cooperative behaviours are common in many social 
mammals and birds, yet the reasons for this variation are not fully clear. In this study we analysed 
the large variation found in acting as a sentinel – a coordinated vigilance behaviour – between 
individuals and groups of two populations of meerkats (Suricata suricatta). We determined the 
role of social and ecological factors in explaining this variation and assessed the evidence for the 
three most recently discussed theories on the evolution of sentinel behaviour: the ‘state dependency hypothesis’ suggesting that sentinel behaviour is highly condition dependent; the ‘social display hypothesis’ stating that acting as a sentinel is a sign of high quality and leads to social or sexually selected direct benefits; and the ‘information acquisition hypothesis’ implying 
for males to gain information on extra-group mating opportunities. Our results support findings 
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across species that variation in sentinel behaviour is mainly condition and risk dependent. 
However, we found some indication that competition among same-sexed, same-aged females led 
to an increase in sentinel behaviour, potentially representing a social display of good condition or 
competitive abilities. In males, we demonstrate that temporary prospecting behaviour and inter-
group encounters led to a decrease in contribution to sentinel behaviour, contradicting the ‘information acquisition hypothesis’, but further supporting the ‘state dependent hypothesis’. We 
conclude that sentinel behaviour is the result of a finely balanced trade-off between the benefits 
of maximizing foraging time for the sentinel as well as the group and the costs of being exposed 
to predators. Social aspects seem to play a secondary role and come into play only when 
conditions allow them to do so. Quantifying individual contribution in cooperative behaviours 
across life-history stages, within and between groups and populations, is crucial to identify the 
causal and functional mechanisms controlling cooperation in social mammals.  
 
Key words: cooperation, cooperative breeders, individual variation, sentinel behaviour 
 
INTRODUCTION 
Individual differences in the contribution to cooperative behaviours are highly pronounced in 
many social mammals and birds, yet the reasons for this variation are not fully clear. The extent 
to which different individuals within and between groups and populations of a species contribute 
to cooperation depends on the specific cost-benefit balance experienced while performing a 
specific type of cooperation. Consequently, variation in cooperative behaviour has been reported 
to be related to demographic factors, including group size and composition (Clutton-Brock et al., 
1999b; Ridley and Raihani, 2007), as well as individual characteristics including age and sex 
(Clutton-Brock et al., 2002). Besides these social factors, variation in cooperative behaviour can 
be associated with differences in environmental factors including predation risk (Clutton-Brock 
et al., 1999b; Ridley et al., 2010), habitat (Hollen et al., 2011b) and climatic conditions (Rauber et 
al., 2019b; Wiley and Ridley, 2016).  
Differences in individual contribution to specific cooperative behaviours in response to 
social and ecological influences provide valuable insights into the underlying evolutionary 
mechanisms that have been suggested to explain the evolution of costly forms of cooperative 
behaviours. Altruistic behaviour in animals is typically explained by indirect fitness benefits 
gained from cooperating with relatives (Clarke, 1984; Hamilton, 1964; Komdeur, 1994; Owens 
and Owens, 1984). Alternatively, individuals may gain direct benefits via group augmentation, 
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where individuals benefit from living in larger groups and thus everybody contributes as much as 
possible (Kingma et al., 2014; Kokko et al., 2001). Moreover, under social and sexual selection 
some individuals’ contribution to cooperative behaviours increases their chances of receiving 
help (Kern and Radford, 2018; Schweinfurth and Taborsky, 2018) or being chosen as a mate 
(Zahavi, 1990; Zahavi and Zahavi, 1999; reviewed in Covas and Doutrelant, 2018).  
Sentinel behaviour is a coordinated vigilance behaviour mostly known in cooperatively 
breeding species (Bednekoff, 2015), including birds (babblers: Bell et al., 2010; Wickler, 1985; 
Wright et al., 2001a, scrub jays: McGowan and Woolfenden, 1989) and mongooses (meerkats: 
Clutton-Brock et al., 1999b; Rasa, 1986). The sentinel individual ceases foraging and moves to an 
elevated position, scanning their surroundings for predators while the rest of the group 
continuous to forage (Bednekoff, 2015; Horrocks and Hunte, 1986; McGowan and Woolfenden, 
1989). Acting as a sentinel has costs, as it is incompatible with foraging, though these energetic 
costs may not be large, since satiated individuals commonly contribute disproportionately 
(Bednekoff, 1997, 2001; Wright et al., 2001c). Moreover, for some species, an increased risk of 
predation while on sentinel guard has been documented (Rasa, 1987b; Ridley et al., 2013). In 
contrast, in other species it has been suggested that the sentinel takes on the safest location there 
is when not foraging (Bednekoff, 1997; Clutton-Brock et al., 1999b), and the presence of a sentinel 
increases the probability that predators will be detected (McGowan and Woolfenden, 1989; Ridley 
et al., 2010). Furthermore, sentinels emit a variety of different call types that convey information 
about their presence as guard (Hollen et al., 2011a; Manser, 1999; Rasa, 1986; Rauber and Manser, 
2017), and they alert the group to approaching predators, enabling the rest of the group to reduce 
their level of vigilance and to forage more effectively (Hollen et al., 2008a; Manser, 1999; 
McGowan and Woolfenden, 1989; Rasa, 1989; Ridley et al., 2010).  
As sentinel behaviour is mostly shown by cooperative breeders, where kinship between 
group members is high, relatedness seems to be less relevant explaining variation in sentinel 
behaviour (Duncan et al., 2019; Griffin and West, 2003), and other direct benefits seem to play a 
more important role. Variation in contribution to sentinel behaviour across species includes 
younger individuals acting as sentinels less than older individuals (Clutton-Brock et al., 2002; 
Ferguson, 1987; Rasa, 1977), while within age classes heavier individuals display more sentinel 
behaviour than lighter individuals (Bell et al., 2010; Clutton-Brock et al., 1999b; Wright et al., 
2001b; Wright et al., 2001c). These results support the ‘state-dependency hypothesis’ (Bednekoff, 
1997, 2001), demonstrating that sentinel behaviour, as a form of cooperation within the foraging 
and predation avoidance trade-off, is highly condition dependent. Although condition dependence 
can explain a large part of the variation found in sentinel behaviour there is evidence that yet 
additional benefits to the sentinel may play an important role. In birds dominant individuals show 
more sentinel behaviour than subordinates (Hollen et al., 2011b; Wright et al., 2001b) supporting 
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the ‘social display hypothesis’ that sentinel behaviour has evolved as a dominance display, 
whereby individuals benefit from being seen as sentinel (a sign of high quality and social prestige), 
ultimately resulting in sexually selected, direct benefits (Zahavi, 1989; Zahavi, 1990; Zahavi and 
Zahavi, 1999). Studies on dwarf mongoose (Helogale parvula) reported mixed results about 
whether dominant or subordinate individuals contribute more to sentinel behaviour (Kern et al., 
2016; Rasa, 1987a). Because males generally show more sentinel behaviour than females 
(Clutton-Brock et al., 2002; Wright et al., 2001b), ‘the information acquisition hypothesis’ states 
that sentinel behaviour is used to collect information about the location of other groups or females 
to increase extra group mating opportunities or prospect dispersal opportunities (Clutton-Brock 
et al., 2002).  
In this study, we assess the evidence for the social display and the information acquisition 
hypothesis, in addition to the known state-dependency hypothesis in the sentinel system of 
meerkats (Suricata suricatta). Meerkats are a small, highly cooperative mongoose species that 
occur in arid, semi-desert areas of southern Africa and live in groups from three to 50 individuals 
(Clutton-Brock et al., 1999a; Clutton-Brock and Manser, 2016; Doolan and Macdonald, 1996). Each 
group consists of a dominant, reproductive pair and helpers, which help to rear the dominant 
pair`s offspring by providing them with food and protection (Clutton-Brock et al., 1998b). This 
social system results in groups consisting mostly of full siblings (littermates) and half siblings 
(Clutton-Brock and Manser, 2016). During foraging meerkats dig holes in the sand in search for 
insects and small vertebrates (Doolan and Macdonald, 1996), which prevents them from scanning 
their surroundings for predators. Since meerkats forage in open environments, predation risks 
are high and individuals commonly alternate between foraging and acting as sentinels. While on 
guard, sentinels produce distinct sentinel calls informing the rest of the group about their 
presence (Manser, 1999) as well as their perceived predation risk (Rauber and Manser, 2017). In 
case the sentinel spots a predator, they produce functionally referential alarm calls containing 
information about the predator type as well as the urgency level (Manser et al., 2001; Manser et 
al., 2002).  
We tested the non-mutually exclusive hypotheses about the underlying motivation of 
sentinel behaviour by quantifying the influence of social and ecological factors on the contribution 
to sentinel behaviour across individuals at different life history stages, within and between groups 
and populations, using a much larger dataset than in previous studies (Clutton-Brock et al., 1999b; 
Clutton-Brock et al., 2002). We analysed data collected over the past 23 years on sentinel 
behaviour and the related life history information of 1692 individuals from 53 groups to 
investigate the role of social factors. By comparing this data to a second population inhabiting an 
area with much higher predation pressure, where data from 63 individuals from 6 groups has 
27 
 
been collected over a period of two years, we also investigated the effect of predation risk on 
individual variation in sentinel behaviour including any interactions with social factors.  
 
METHODS 
Study sites and populations 
Data for this study were collected at the Kalahari Meerkat Project (KMP) on two populations of 
wild, habituated meerkats. To analyse the effects of social factors on sentinel behaviour we used 
data collected between 1996 and 2019 at the Kuruman River Reserve in the southern Kalahari 
Desert, Northern Cape, South Africa (for more information about habitat at the study site, see  Clutton‐Brock et al. 1999; Russell et al.2002). This area (hereafter ‘farm’) has been used for 
farming and all large and medium sized terrestrial predators have been removed, resulting in low 
predation pressure. In total we used data on sentinel behaviour from 1692 individuals from 53 
groups from this site. For the investigation of the effect of predation risk on sentinel behaviour, 
data from a second population, collected between 1993 and 1996 at the Kalahari Gemsbok 
National Park, also known as Kgalagadi Transfrontier Park, were added. From this site (hereafter ‘park’), we used data from 63 individuals from 6 different groups. Both study sites consisted of 
similar, semi-arid habitat, however, predation risk at the park was much higher compared to the 
farm (total number of predators per 100 hours of observations: park 20.29±11.24; farm 
4.49±6.38), resulting in significantly different mortality rates (Clutton-Brock et al., 1999a). In both 
sites all groups were habituated to close human observations allowing the recording of natural 
behaviours.  
 
Sentinel behaviour and related life history information 
Data about sentinel behaviour had been continuously collected at the KMP as part of the daily data 
collection. When an individual climbed on an elevated position (minimum height 10cm higher 
than the surroundings) and started actively scanning the area, its individual identity, group 
identity and the duration of the sentinel bout were recorded, as well as the overall observation 
time a group was observed on that day. We then calculated the mean monthly sentinel 
contribution per hour observed for every individual, resulting in a sample size of 22110 monthly 
values for the farm population and 502 monthly values for the park population. The main reason 
to work with monthly means rather than daily values was because not every animal acted as 
sentinel every day and to reduce potential short-term environmental influences like current 
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weather conditions. All related information including age, sex, dominance status and group size 
was available from the long-term data of the KMP and monthly means were calculated where 
applicable. For the analysis of the farm data we used all groups (ranging from 3 to 46 adults, mean 
= 17), however, to facilitate comparison between the two populations we only used groups with 
group sizes that occurred in both populations (3-25 adult individuals, mean (park) = 14) for the 
comparative analysis. We grouped individuals into the following age categories: subadults (6 to 
12 months), yearlings (>12 to 24 months), adults (>2 to 4 years) and old adults (>4 years). Taking into account the well supported ‘state dependency hypothesis’, we used mean monthly morning 
weight, collected in the morning at the burrow before the group starts foraging, as a measure of 
condition. As meerkats show high competition among members of the same litter (Huchard et al., 
2016), we tested for possible effects of competition on sentinel behaviour (as part of the “social display hypothesis”) by examining the influence of same-aged, same-sexed littermates on an individual’s contribution to sentinel behaviour. Inter-group interactions (IGIs) represent a costly 
behaviour and can thus be used to test condition dependence. Alternatively, they may also provide 
males with information about females in the area, therefore potentially being relevant for the ‘information acquisition hypothesis’. To investigate how IGIs affect contribution to sentinel 
behaviour we calculated the number of IGI events a group had in each month (Drewe et al., 2009). 
To further assess the evidence for the ‘information acquisition hypothesis’ in males we calculated 
the number of days a male was temporarily absent from the group, assuming the male went roving 
(prospecting for mating opportunities with extra group females) (Young et al., 2005; Young et al., 
2007), as well as the mean number of days between the month of interest and the day when the 
male permanently left the group (dispersal date). For females we calculated the number of days a 
female was absent from the group due to eviction by the dominant female (Clutton-Brock et al., 
1998b; Clutton-Brock et al., 1998c; Stephens et al., 2004).  
 
Statistical analysis 
All analyses in this study were done using R version 3.5.2 (R Core  Team, 2018). To investigate the 
effect of social and environmental factors on the contribution to sentinel behaviour we used linear 
mixed effects models (LMM, lem4 package (Bates et al., 2014)) with mean monthly sentinel 
duration per hour observed as response variable and individual ID nested in group ID is as well 
as a combined year-month variable as random factors. To investigate the variation in sentinel 
behaviour in females, we included the following fixed effects: age category; mean monthly 
morning weight; mean monthly group size including all adults >12 months; number of same-aged, 
same-sexed littermates; dominance status; number of days the female was evicted per month; 
number of monthly inter-group interactions (IGIs). For males we added number of days the male 
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went roving per month, immigration status (natal or immigrant) and the number of days until 
they permanently left their natal group (dispersal date).  
To compare sentinel behaviour between the two populations we combined data from the 
farm and the park. Again, mean monthly sentinel duration controlled for observation time was 
used as response variable and predation risk, group size (ranging between 3-25 adults), the 
interaction between predation risk and group size, age category, sex, weight and dominance status 
were used as fixed effects. We tested for any interactions between population and the other fixed 
effects by comparing the model with the interaction to the same model without the interaction 
term, whereby non-significant interactions were excluded from the final model. To determine the 
fit of the linear mixed models, we examined the model diagnostic plots and response variables 
were log transformed to ensure the model assumption were met (Crawley, 2012).  
 
Ethical note 
All the observational data collection and weight measures within the course of this study fall 
under the permission of the ethical committee of Pretoria University and the Northern Cape 
Conservation Service, South Africa (Permit number: EC031-13) and were carried out adhering to 
the approved guidelines in this permit. 
 
RESULTS  
Social factors influencing sentinel behaviour 
The duration of sentinel behaviour shown per hour observed varied widely between individuals. 
In both, males and females, individuals between one and four years contributed more than 
subadults and adults over 4 years (Table 1). Mean monthly morning weight, our proxy for 
condition, significantly affected sentinel behaviour of males and females, whereby within each age 
class heavier individuals acted as sentinels more than lighter individuals. The interaction between 
age class and condition was the strongest in subadults and with increasing age heavier individuals 
contributed relatively less than lighter individuals (Table 1, Figure 1). With increasing group size 
both sexes reduced their individual sentinel behaviour (Table 1). However, with increasing 
number of same-aged female littermates, but not male littermates present in the group, females 
increased their contribution to sentinel behaviour (Table 1, Figure 2). In contrast, males generally 
increased their sentinel behaviour with increasing number of same-aged littermates (Table 1, 
Figure 2). In females, subordinates contributed more than dominants, but did not change their 
sentinel behaviour in response to the number of days they were evicted or the frequency of IGIs 
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per month (Table 1). In contrast, natal males showed higher contributions to sentinel behaviour 
than immigrants, while there was no difference in sentinel behaviour between dominant and 
subordinate males (Table 1). We found no significant interaction between dominance and 
immigration state. Males performed less sentinel behaviour with increasing roving frequency and 
IGIs (Table 1, Figure 3). Furthermore, we found that the closer males got to their dispersal date, 
the less they contributed to sentinel behaviour (Table 1). 
 
Ecological factors influencing sentinel behaviour 
When controlling for age, sex, group size and condition, meerkats from the park population – 
where predation risk was much higher - showed significantly more sentinel behaviour than the 
farm population with low predation (Table 2, Figure 4). Moreover, small groups showed much 
larger individual contributions in the park compared to the farm and an increase in group size in 
the park led to a larger decrease in sentinel behaviour than on the farm (Tale 2, Figure 5). We did 
not find any significant interactions between any of the other social factors, including sex, 





Table 1: Social factors influencing monthly contribution to sentinel behaviour for males and 
females separately. 
              Estimate ±Std. Error df   t value   p 
Females (Number of obs = 9339): 
(Intercept)   -0.705 ± 0.144  6188.47 -4.89  <0.001 
Age Category (yearling) 0.340 ± 0.034  8648.45 10.08  <0.001 
Age Category (2-4yrs) 0.286 ± 0.046  7559.08 6.15  <0.001 
Age Category(>4yrs)  0.154 ± 0.071  8313.65 2.18    0.029 
Morning Weight  0.993 ±0.104  6933.02 9.53  <0.001 
Morning Weight:yearling -1.786 ± 0.210 9212.52 -8.49  <0.001 
Morning Weight:2-4yrs -2.258 ± 0.234 9192.76 -9.63  <0.001 
Morning Weight:>4yrs -2.631 ± 0.293 9056.99 -8.95  <0.001 
Group Size   -0.202 ± 0.039 3216.71 -5.12  <0.001 
Nr. Female Littermates 0.144 ± 0.018  4448.17 7.99  <0.001 
Nr. Male Littermates  -0006 ± 0.028  1460.00 -0.22    0.830 
Dom State (sub)  0.387 ± 0.053  5692.75 7.34  <0.001 
Nr. Evicted Days  -0.020 ±0.011  9040.70 -1.81    0.076 














Males (number of obs = 12771): 
(Intercept)   -1.803 ± 0.114   4211.78 -15.73   <0.001 
Age Category (yearling) 0.303 ± 0.031  6544.25 10.05  <0.001 
Age Category (2-4yrs) 0.249 ± 0.042  6368.99 5.90  <0.001 
Age Category (>4yrs)  0.091 ± 0.065  6065.66 1.39   0.166 
Mean Morning Weight 2.128 ± 0.105  6339.39 20.28  <0.001 
Morning Weight:yearling -1.258 ± 0.278 6565.67 -4.52  <0.001 
Morning Weight:2-4yrs -2.263 ± 0.316 6347.29 -7.12  <0.001 
Morning Weight:>4yrs -1.783 ± 0.596 6458.24 -2.98    0.002  
Group Size   -0.206 ± 0.037 2571.22 -5.49  <0.001 
Nr. Male Littermates  0.046 ± 0.022  3145.68 3.38    0.048 
Nr. Female Littermates 0.056 ± 0.021  4446.65 2.54    0.012 
Dom State (sub)  0.052 ± 0.059  2784.26 0.87    0.385 
Imm State (natal)  0.490 ± 0.086  2681.68 5.67  <0.001 
Dom State*Imm State  0.072 ± 0.085  4747.99 0.84    0.401 
Roving Frequency  -0.064 ± 0.010 6321.91 -6.31  <0.001 
Time to dispersal  0.094 ± 0.031  1492.58 2.96    0.003 
Nr. Monthly IGIs  -0.073 ± 0.011 4672.45 -6.57  <0.001 
 
 
Table 2: Effect of predation risk (farm vs park) and group size on the daily proportion of different 
individuals in a group contributing to sentinel behaviour. 
    Estimate ±Std. Error df   t value   p 
 (Intercept)   -1.416 ± 0.112 8927  -12.87  <0.001 
Population (park)  0.782 ±0.186  3622  4.21  <0.001 
Groupsize   -0.009 ± 0.002 9634  -4.92  <0.001 




Figure 1. Age-dependent effect of mean monthly morning weight (condition) on monthly 
contribution to sentinel behaviour for males (grey) and females (orange). 
 
 
Figure 2. Effect of the number of same sexed, same aged littermates (usually full siblings) on 




Figure 3. Effect of the number of monthly inter group encounters, roving frequency (for males) 
and number of days evicted from the group (for females) on monthly sentinel contribution in 





Figure 4. Comparison of individual 
monthly sentinel duration per hour 
observed between the two study 
populations. On the farm all large and 
medium sized terrestrial predators 
were removed, thus representing a 
low risk environment, while in the 





Figure 5. Effect of group size on individual contribution to sentinel behaviour in the park (high 
predation risk) and the farm (low predation risk). 
 
DISCUSSION  
Investigating the large individual differences in contribution to sentinel behaviour in meerkats, 
our results demonstrate that both sexes showed more sentinel behaviour with increasing body 
weight, however this effect decreased with increasing age. Furthermore, with increasing group 
size, each individual on average spent less time acting as sentinel guard, however, with increasing 
number of same-sexed, same-aged littermates, females (and to a lesser extent males), increased 
their contribution to sentinel behaviour. In females, dominants did less sentinel behaviour than 
subordinates, while time periods of evictions or intergroup interactions did not affect sentinel 
behaviour. In contrast, natal males generally displayed more sentinel behaviour than immigrants, 
but there was no difference between dominants and subordinates. Roving and intergroup 
interactions led to a decrease in sentinel behaviour in males, and the closer they got to their 
dispersal the less they contributed to sentinel behaviour. Individuals from an area with high 
predation risk (park) showed increased sentinel contributions, especially in small groups, and the 
decrease in sentinel contribution with increasing group size was larger in the park (high predation 
risk) than on the farm (low predation risk).  
Individual condition had a major influence on meerkat sentinel behaviour, providing 
further support of the ‘state dependency hypothesis’ (Bednekoff, 1997; Bednekoff and 
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Woolfenden, 2003; Bell et al., 2010; Clutton-Brock et al., 1999b; Wright et al., 2001b). Within each 
age category, heavier individuals, which may be better foragers, spent more time as sentinel. This 
effect was stronger in younger age categories and less pronounced in older individuals, which 
might reflect an adjustment from helping towards gaining more direct benefits. This shift from 
investing in cooperative behaviours towards direct benefits is generally reflected by the fact that 
the contribution to most cooperative activities in meerkats peaks around two years of age and 
tends to  decline in older individuals (Clutton-Brock and Manser, 2016). Older subordinates are 
more likely to disperse (Clutton-Brock et al., 2001a) and especially older males invest more time 
into prospecting behaviour in other groups (roving) (Mares et al., 2014). Increasing group size 
lightened the workload for each group member, resulting in lower individual contributions to 
sentinel behaviour, as shown for other cooperative behaviours in meerkats (Clutton-Brock et al., 
2002).  
In contrast to the overall group size effect, our results indicate that, especially in females, 
increasing number of same-aged female littermates, but not their male littermates, led to higher 
contribution to sentinel behaviour. This result may indicate that meerkats use sentinel behaviour 
as a dominance display among same-sexed, female litter members, potentially supporting the “social display hypothesis” (Zahavi, 1990; Zahavi and Zahavi, 1999). The fact that this seems to be 
stronger in females than in males and that there is no effect of number of male littermates on 
females is likely due to stronger competition among females, as they are the philopatric sex, and 
thus compete for the reproductive position in their natal group (Hodge et al., 2008; Young et al., 
2006). Moreover, as condition seems to be a main determinant of who becomes the next 
dominant, when a previous dominant dies, we find the highest competition levels among same-
aged females from the same litter (Hodge et al., 2008; Huchard et al., 2016). However, the role of 
sentinel behaviour as a dominance display in intrasexual competition, indicating potentially 
better quality or competitive abilities, likely based on higher foraging success resulting in higher 
satiation, remains unclear. In Arabian babblers (Turdoides squamiceps) (Dattner 2015) and white-
browed sparrow weaver (Plocepasser mahali), dominant males profit from acting as sentinels by 
facilitating the defence of paternity and dominance status against extra-group males (Dattner et 
al., 2015; Walker et al., 2016).  However, as others (Wright et al., 2001a; Wright et al., 2001c) have 
found no evidence of the role of social display in sentinel behaviour, more research is needed to 
assess the influence of competition on sentinel behaviour. 
In males, we provide new evidence that when additional costly situations occurred, such 
as encounters with other groups, or when a male temporary left the group to prospect for mating 
or dispersal opportunities (Young et al., 2005; Young et al., 2007), sentinel contribution 
decreased. This is likely explained by the elevated stress levels related to these behaviours as well 
as the decreased amount of time available for foraging, which often lead to a decrease in body 
weight (Young et al., 2005; Young et al., 2006). In contrast to previous work (Clutton-Brock et al., 
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1999b), we show here that when males got closer to their dispersal date, they performed less 
sentinel behaviour. Males may invest in maximizing their weight, which is key factor in gaining 
dominance in a new group, or in a coalition of males. In support of this hypothesis recent work on 
dominant males has shown that individuals that are heavier at dispersal are more likely to gain 
dominance in the future (Spence-Jones et al, in prep). Overall, the decreased sentinel behaviour 
relative to IGIs, roving frequency and dispersal time contradict the previously introduced “information gathering hypothesis” (suggesting that males may be looking out for other groups 
and potential mating opportunities) but support the idea that sentinel behaviour is highly state 
dependent. 
Besides the social environment, our results confirm previous work demonstrating an 
increased individual sentinel contribution in areas of higher predation risk (park). Moreover, in 
areas of higher predation risk, increasing group size led to a stronger decrease in sentinel 
behaviour, indicating larger constraints in animals in the park population, and thus the 
importance of group size benefits under these conditions. Although other variables such as 
vegetation density or structure might also differ between the two populations and could have 
influenced sentinel behaviour, it is likely that the large difference in predation pressure resulted 
in the found differences in contribution. This supports previous work demonstrating the effect of 
ecological factors influencing perceived risk on individual contributions to sentinel behaviour 
(Hollen et al., 2011b; Ridley et al., 2010). 
We conclude that sentinel behaviour is the mutualistic outcome of a finely balanced trade-
off between benefits of maximizing foraging time for the sentinel as well as the whole group and 
the costs of being exposed to predators. Therefore, our results support previous work that 
sentinel behaviour is highly state-dependent. However, we provide new evidence that sentinel 
behaviour may also be used as a dominance or social display when competition among individuals 
of the same sex is high, though this seems only come into play under specific conditions, with 
specific group structure. In contrast, we found no indication that sentinel behaviour is related to 
increased prospecting or dispersal behaviour shown by males in order to gain information about 
the presence of females. Thus, by testing the effect of social and ecological variables on individual 
contribution to sentinel behaviour, we provide further insights into the causal and functional 
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2. DROUGHT DECREASES COOPERATIVE 
SENTINEL BEHAVIOUR AND AFFECTS VOCAL 
COORDINATION IN MEERKATS 
 
Behavioral Ecology (2019), 30(6), 1558-1566.  
R. Rauber, T. H. Clutton-Brock & M. B. Manser 
 
ABSTRACT 
Cooperative breeding often evolved in harsh and arid habitats characterised by high levels of 
environmental uncertainty. Most forms of cooperative behaviour have energetic costs and 
previous studies have shown that the contributions of individuals to alloparental provisioning are 
conditional on the food intake of individuals. However, the effect of naturally occurring, extreme 
environmental conditions on the persistence of costly forms of cooperative behaviours and their 
coordination by communication remain unknown. Here, we show that in meerkats (Suricata 
suricatta) the probability to act as sentinel, a cooperative vigilance behaviour, was the same for 
typically occurring dry and wet conditions, but significantly reduced during a drought condition 
44 
 
with almost no rain, especially in young individuals, members of small groups and groups with 
pups. The duration an individual stayed on sentinel guard, however, was most reduced during dry 
conditions. Besides reductions in sentinel behaviour, the vocal coordination of foraging meerkats 
differed when comparing drought and wet conditions. Individuals responded more strongly to playbacks of sentinel ‘all-clear’ calls and close calls, resulting in less vigilance and more foraging 
behaviour during the drought condition. We conclude that while meerkats are adapted to 
commonly occurring dry periods with low rainfall, the extreme drought period with almost no 
rain, led to a decrease of the frequency of costly forms of cooperative behaviours in favour of 
behaviours that maximize direct fitness benefits and also affect the vocal coordination among 
group members. 
 




Both in birds (Jetz and Rubenstein, 2011) and mammals (Lukas and Clutton-Brock, 2017), 
cooperative breeding systems, where individuals forego their own independent reproduction 
while helping others in the group to rear their young, are commonly associated with 
environments where resources are scarce. In many of these environments, rainfall and 
temperature vary widely within and between years (Jetz and Rubenstein, 2011; Lukas and 
Clutton-Brock, 2017), generating unpredictable fluctuations in resource availability that are 
commonly associated with variation in breeding success and survival (Clutton-Brock et al., 1999a; 
Dai, 2011). A recent study on cooperatively breeding birds showed a decrease in cooperative 
provisioning of young by adult group members during days with unusually high temperatures 
(Wiley and Ridley, 2016) and previous studies of meerkats (Suricata suricatta) have provided 
experimental evidence that cooperative behaviours are conditional on foraging success and are 
reduced when daily weight gain of animals is low (Clutton-Brock et al., 2001b; Clutton-Brock et 
al., 1999b). Together, these results suggest that cooperative breeders need to adjust their 
investment in cooperative behaviours in relation to variation in weather conditions as well as in 
food availability, especially in response to extreme events, such as droughts, defined as prolonged 
periods with rainfall significantly below the level received in commonly occurring dry years (Botai 
et al., 2016). Currently, the effect of naturally occurring, extreme environmental conditions, 




  It has been suggested that cooperative breeders may have evolved a more complex 
communicative system than less social species in order to coordinate group living and cooperative 
activities (Freeberg et al., 2012; Leighton, 2017; Manser et al., 2014). It is well known that social 
factors, such as sex, life history stages, or dominance status, influence the behavioural responses 
to vocal signals (Fischer et al., 2004; Mitani and Brandt, 1994; Snowdon and Elowson, 1999) but 
the extent to which extreme environmental conditions affect vocal coordination remains unclear. 
For example, warning or alert calls that are not associated with an immediate threat but rather 
with a general increase in perceived predation risk or uncertainty might be more likely to be 
ignored during adverse environmental conditions when individuals need to maximize foraging in 
order to survive. Thus, drought conditions might affect the behavioural responses of individuals 
to specific vocal signals and the coordination of cooperative behaviour.  
 In this study, we investigated potential differences in cooperative sentinel behaviour and 
its vocal coordination in meerkats between a year of drought, three years of dry conditions and 
three years of wet conditions (Table 1). Meerkats forage in small groups from 3 to 50 individuals 
composed of different age classes (pups < 3 months, juveniles 4-6 months, subadults 7-12 months, 
yearlings 13-24 months and adults > 24 months) (Clutton-Brock et al., 1999a; Clutton-Brock et al., 
2006). Each group consists of a dominant, reproductive pair and subordinates, which help to rear 
the dominant pair`s offspring by providing them with food and protection (Clutton-Brock et al., 
1998b). Meerkats have an elaborate sentinel system where one individual is on raised guard at an 
elevated location, scanning the surroundings for the presence of predators and alerting the group 
in case of danger (Clutton-Brock et al., 1999b). Besides alarm calls elicited in response to an 
approaching predator (Manser, 2001; Manser et al., 2001), sentinels also produce functionally 
specific sentinel calls, which inform the rest of the group about the guard`s temporary perceived 
predation risk and lead to the adjustment of vigilance behaviours by foraging group members 
(Manser, 1999; Rauber and Manser, 2017). Sentinel calls include calming calls, which have an ‘all clear’ function and lead to an increase in foraging and a decrease in vigilance behaviour in 
receivers, and warning calls, which decrease foraging and increase vigilance behaviour for the rest 
of the group (Rauber and Manser, 2017). 
Contributions to sentinel behaviour reduce foraging opportunities. The costs of foregoing 
foraging are likely to increase under adverse environmental conditions, leading to stronger trade-
offs between cooperative behaviours and individual survival. Average rainfall in our study area in 
the Southern Kalahari since 2009 has been 98 mm between December and January but due to the 
severe El Nino event in 2015/16 rainfall was less than 1 mm during the same time period and the 
weight and breeding success of resident animals was reduced ((Wiley and Ridley, 2016); 
unpublished data long-term database). To test whether and how drought conditions affected 
cooperative behaviours, we measured the contributions of individuals to sentinel behaviour 
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during a year of drought, three dry years of low rain conditions and three wet years of high rain 
conditions (Table 1). In particular, we investigated the effects of drought on the probability to act 
as a sentinel and the duration of guarding periods. We predicted that while meerkats should be 
adapted to dry years, drought conditions increase the costs of cooperative behaviours. As a 
consequence, we expected to find that animals reduce both the probability that individuals would 
go on sentinel guard and the duration of sentinel bouts in order to increase foraging time and thus 
individual survival. We expected this effect to be most pronounced in younger individuals and 
members of small groups, whose foraging success is relatively low (Clutton-Brock et al., 1999b; 
English et al., 2014). Furthermore, we expected drought to decrease the skew in guarding 
contribution within groups as single individuals might not be able to maintain higher sentinel 
frequencies compared to the rest of the group. In regards to vocal coordination, we investigated 
the consequences of drought on the responses of individuals to sentinel warning and calming calls, 
using a series of playback experiments. We predicted that under drought conditions foraging meerkats respond stronger to sentinel calming calls (‘all-clear’ function) and reduce their 
response to sentinel warning calls (pre-stages of alarm calls) to increase foraging efficiency in 
comparison to non-drought conditions (Rauber and Manser, 2017). 
 
METHODS 
Study site and species 
Data were collected at the Kalahari Meerkat Project (KMP) located at the Kuruman River Reserve 
in the southern Kalahari Desert, Northern Cape, South Africa (for more information about habitat 
at the study site see Clutton‐Brock et al., 1999; Russell et al., 2002). The climate at the study site 
is characterised by two distinct seasons: a cold-dry season from May to September (mean monthly 
rainfall 5.5ml) and a hot-wet season from October to April (mean monthly rainfall 45.7ml) (Clutton‐Brock et al., 1999; Russell et al., 2002). As part of the KMP’s long-term data collection, all 
group members were uniquely dye marked to allow individual recognition, and one or two 
individuals of each group were fitted with radio-collars to facilitate localisation of the group 
(Jordan et al., 2007). All groups were habituated to close human observations and to the playback 






Analysis of long-term data 
Individual sentinel events and their durations were collected between December and January 
from 2009 to 2016 by volunteers of the Kalahari Meerkat Project as part of the daily long-term 
data collection. We assigned each period of these seven years to one of three environmental 
conditions – wet, dry and drought – based on the amount of rainfall measured directly at the study 
site during the middle of the wet season, which includes the months December and January. To 
account for any carry-over effects from previous rainfalls, we also added the amount of rainfall 
during the three months before the analysed periods, i.e. September to November. This resulted 
in the following categorisation: 2009/2010, 2010/2011 and 2011/2012 represented wet years, 
2012/2013, 2013/2014 and 2014/2015 were dry years, and 2015/2016 was a drought year with 
almost no rain between December and January (Table 1). A sentinel event always consisted of an 
individual climbing on an elevated position of at least 10cm above ground and actively scanning 
the environment (Clutton-Brock et al., 1999b). To investigate whether the different 
environmental conditions affected the probability of individuals to go on guard we included every 
individual (total n = 750; n = 266 adults, n = 504 yearlings, n = 370 subadults, n = 193 juveniles, 
due to the multi-year data structure some individuals appear in several age categories) from every 
group (n = 26) in the analysis and checked whether each of these individuals acted as sentinel or 
not for each observation day (n = 28773 observations). This resulted in a daily yes/no response 
variable for every group member present on the day of data collection. Following this, we 
compared observed daily sentinel durations by calculating the total time individuals were on 
sentinel guard during the 3.2 ± 0.02 hours of observations per day (including morning and evening 
sessions) resulting in a total of 3969 sentinel events of 480 different individuals (n = 179 adults, 
312 yearlings, 180 subadults, 21 juveniles, due to the multi-year data structure some individuals appear in several age categories). All individuals’ age, sex, dominance status, group size, and 
whether and how many pups were in the group were documented. We investigated the effect of 
any interaction between environmental condition and age, sex, dominance status, group size, 
presence of pups and number of pups on the observed time (min) individuals spent on sentinel 




Table 1. Environmental conditions based on rainfall measured at study site. 







Total amount of rain 






2009/2010 178.0 NA 178.0* Wet 
2010/2011 195.2 28.6 223.8 Wet 
2011/2012 116.4 1.0 117.4 Wet 
2012/2013 16.6 15.4 32.0 Dry 
2013/2014 57.4 5.8 63.2 Dry 
2014/2015 24.6 16.4 41.0 Dry 
2015/2016 0.6 11.6 12.2 Drought 
*minimum estimate due to lack of rain data at study site before December 2009 
 
Sound recordings  
Sound recordings for the playbacks of the different sentinel call types were collected in May 2014 
prior to the start of the first playback experiments. Calls from naturally occurring sentinel events 
were recorded using a Sennheiser directional microphone (ME66/K6) connected to a Marantz 
PMD-670 solid-state recorder (Marantz Japan Inc.; sampling frequency 44.2 kHz, 16 bits 
accuracy). A Rainhardt microphone windshield (W200) was permanently attached to the 
microphone to ensure high quality recordings in the meerkats’ natural environment. The 
microphone was fixed to a telescopic pole in order to maintain a recording distance of less than 
0.5 meters and a high signal-to-background ratio. 
 
Playback experiments 
In order to compare behavioural responses to sentinel vocalisations during a non-drought and a 
drought condition we repeated the same series of playbacks we had done for previous work 
(Rauber and Manser, 2017) in the non-drought period from June to August 2014 in the drought 
period of 2015/2016 from January to the 8th of March 2016. The rainfall measurements for these 
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two periods differed substantially in regards to the amount of rain in the 3 months period before 
and the 3 months period of the playback experiments, with the non-drought period having 
received 112ml and the drought period 15.2ml over the total of 6 months. When testing the 
probability to act as sentinel, this was significantly higher during the non-drought period 
compared to the drought period (GLMM; β ± se = 1.32 ± 0.39, z = 3.41, p < 0.001), indicating that, 
besides any other potential seasonal differences, environmental conditions were less constraining 
for meerkats during the non-drought period. We conducted playback experiments in a total of 12 
groups with group size of three to 24 individuals. Following the same protocol as previous work 
on the behavioural response to sentinel vocalisations (Rauber and Manser, 2017), we selected 
single calls with a high signal-to-noise ratio using Cool Edit Pro (Syntrillium Software 
Corporation) to compose playback files consisting of sentinel calls and close calls (control) from 
the same individual. Close calls are soft, close range contact calls that are frequently emitted 
during foraging and used for group coordination (Fichtel and Manser, 2010; Gall and Manser, 
2017). 
Sentinel calls of recordings from at least six different and independent recording events 
from the same individual (n=8) were used for each playback file. The calls from at least three 
different individuals were played back to each group, using a Marantz PMD-670 solid-state 
recorder, connected to a portable speaker (iHome IHM79SC). The amplitude was assessed 
according to how the calls occur under similar natural weather and wind conditions. The call rate 
of the specific sentinel calls and close calls was kept the same as observed in natural recordings 
(close calls: 8.25 ± 2.28 calls/min; single note calls: 3.79 ± 0.43 calls/min; double note calls: 3.19 
± 0.37 calls/min) with background noise between each call (Rauber and Manser, 2017). For the 
sentinel warning calls context we always played a total of four calls, two “di-drrr” and two “wheek” 
calls in alternating order and with at least one minute of background noise in between, which also 
lies in the range of natural recordings (di-drrr: 0.34 ± 0.12 calls/min; wheek calls: 0.39 ± 0.09 
calls/min Rauber and Manser, 2017). Playback experiments were only conducted when no 
predator had been seen for at least 15 minutes and only if the majority of the group was foraging 
undisturbed for at least five minutes. If any of the conditions, including the absence of predators, 
were violated after the playback had been started, the playback was paused and resumed only 
after the majority of the group was back to normal foraging behaviour for a minimum of five 
minutes or the sentinel finished its guarding session. We played back a series of six five-minutes 
sound files to an adult foraging meerkat, resulting in playbacks of a length of 30 minutes each. The 
full playback consisted of five minutes of the two different sentinel call types (i.e. calming and 
warning calls), five minutes of close calls (cc) in the beginning, between the two types of sentinel 
calls and afterwards and also five minutes of background noise (bkg) either at the very beginning 
or the end (e.g. cc-calming-cc-warning-cc-bkg). During the playbacks each behaviour of the test 
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subjects was recorded as a focal follow using the program Cybertracker (Cybertracker 
Conservation 2013 version 3.376) on a handheld tablet (Acer IconiaOne 7 B1–750). Four adult 
individuals (>12 months, the dominant pair and one subordinate of each sex) of eight groups were 
tested to playbacks, resulting in a sample size of 32 playbacks for each year. To keep the playback 
procedure the same as in 2014, when we were also interested in the potential difference between 
calls from the same versus from another group, half of the playbacks were from individuals from 
the same group and the other half from individuals from another group. 
 
Analysis of behavioural focals 
Behavioural responses to sentinel calls are of short duration and are only obvious within the first 
30 seconds after the playback of a call (Rauber and Manser, 2017). Therefore, to analyse the 
response of the test subjects we calculated the proportion of time the meerkats spent foraging and 
being vigilant during the first 30 seconds after four randomly (sample function of the R base 
package) chosen calls of each of the different playback contexts (close calls, calming sentinel calls, 
warning sentinel calls). As each playback file consisted of three identical copies of five-minute 
tracks of close calls the proportions of time spent for each behaviour was averaged for the analysis 
(here after called average cc). For the background noise context we chose four random time points 
and analysed the behaviour in the following 30 seconds. As foraging behaviour, we grouped 
foraging (digging in a hole for prey), scrabbling (head down while scratching at multiple small 
holes or surface), processing (processing food items in sand, or chewing off tail of scorpions, etc.) 
and eating. Regarding the alert-related behaviours, we focused on two types of vigilance 
behaviour: quadrupedal (head up while scanning the sky and the surroundings on all four legs) 




All analyses in this study were done using R version 3.2.0 (R Core  Team, 2018). To determine the 
relationship between sentinel behaviour and the different parameters we conducted linear mixed 
effects models (LMM) and generalized linear mixed effects models (GLMM), depending on 
whether the data met the assumptions of normality and homogeneity of variance (Bates et al., 
2014). To determine the fit of linear mixed models we examined the model diagnostic plots and 
response variables were transformed where assumptions of the models were not met (Crawley, 
2012) . Post-hoc multiple comparison tests with manually set contrasts were done whenever the 
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predictor variable consisted of more than two categories to compare the different categories not 
specified by the intercept (Hothorn et al., 2008). To analyse the effect of environmental conditions on an individual’s observed daily 
probability to go on guard, we fitted a generalized linear mixed effects model with guarding (0/1) 
as response variable, thus, using binomial distribution. Because there was no significant 
difference of guarding between wet and dry years while they were both significantly different from the drought year we pooled those together as ‘non-drought years’ to facilitate model 
convergence. Age class, sex, dominance status, group size, presence of pups and number of pups 
were each tested as interaction with drought as fixed effects and individual ID nested in group ID 
and observation date were added as random effects. 
To investigate the effect of environmental conditions on sentinel duration we fitted a LMM 
with individual sentinel guarding time per observation day as response variable and again age 
class, sex, dominance status, group size and presence of pups were each tested separately as 
interaction with drought as fixed effects. individual ID nested in group ID were added as random 
effects. To determine whether sentinel duties were more evenly distributed within the group 
during the drought compared to wet and dry years we calculated the proportion of different 
sentinel individuals as the number of all individuals acting as sentinel per observation day divided 
by the total group size (not including pups which don’t contribute to sentinel behaviour (Hollen 
et al., 2008b)). We then used the log-transformed proportion of sentinels as response variable in 
a LMM with environmental conditions, group size and the interaction between drought and group 
size as fixed effects and group ID as random factor. Since there was again no difference between 
dry and wet years while both being significantly different from drought, we pooled these two 
conditions together as non-drought period to improve model convergence. Lastly, to analyse the 
effect of environmental conditions on the response to sentinel calls (playback experiments) and 
the two different control conditions (close calls and background noise), we conducted generalized 
mixed models with the proportion of the behaviour of interest (number of seconds out of the total 
30 seconds after a call) as response variable using the cbind function and family binomial 
(Crawley, 2012). Individual ID was nested in group ID as random factors. The three behaviours of 
interest were foraging, quadrupedal vigilance and bipedal vigilance. Whenever the explanatory 
variable consisted of more than two categories multiple comparison test with manually set 
contrasts (glht function of multcomp package) were used to compare the different categories not 
specified by the intercept, or to compare specific contrasts (Hothorn et al., 2008). The p-values 






All the experiments and recordings conducted within the course of this study fall under the 
permission of the ethical committee of Pretoria University and the Northern Cape Conservation 
Service, South Africa (Permit number: EC031-13) and were carried out adhering to the approved 
guidelines in this permit. 
 
RESULTS 
Effect of environmental conditions on probability that individuals act as sentinel 
While there was no difference in the probability that individuals acted as sentinels during wet and dry years (β = 0.13±0.23, z = 0.55, p = 0.583), meerkats went on sentinel guard significantly less 
during the drought condition compared to the dry (β = -1.01±0.32, z = -3.18, p = 0.001) and wet conditions (β = -0.89±0.33, z = -2.67, p = 0.007). Therefore, wet and dry conditions were pooled together as ‘non-drought’ conditions and then compared to the drought condition. During the 
drought condition, we found that, juveniles and subadults reduced the frequency of them acting 
as sentinel significantly more than adults (Table 2; Figure 1a). The same decrease was observed 
with yearlings, however, less strong. This reduction in sentinel frequency was stronger in smaller 
groups and in groups where pups were present (Table 2; Figure 1a, b). There was no interaction 
between environmental conditions and either dominance status or sex on the likelihood to show 
sentinel behaviour. 
 
Effect of environmental conditions on sentinel duration 
The dry condition had a negative effect on the duration to stay on sentinel guard compared to wet 
conditions (β = -0.11±0.03, t = -3.5, p < 0.001; Figure 2). The drought condition was not significantly different from dry (β = 0.04±0.05, t = 0.84, p = 0.403; Figure 2) or wet (β = -0.06±0.05, 
t = -1.03, p = 0.304; Figure 2) conditions. None of the tested variables including age class, sex, 
dominance status, group size and presence of pups showed a significant interaction with the three 





Figure 1. Model estimates of the daily probability to go on sentinel guard during drought (black) 
and non-drought (green; wet and dry conditions pooled together as they were statistically not 
different) for a) the different age classes and whether there were pups present in the group or not 





Figure 2. Boxplots of average predicted duration of a single sentinel event (in min) during each 
of the three environmental conditions (wet, dry, drought). The bold horizontal line represents the 
median while the box shows the interquartile range between the 25% and 75% percent quartiles. 





Table 2. GLMM model output investigating the interactions between environmental condition 
(EC) and sex, age class, dominance status, group size, presence and number of pups on observed 
daily sentinel probability (Number of obs=28773, groups: Code:Group=901; WatchDate= 210; 
Group=35). 
Fixed Effect Effect±SE Df X2 P 
(Intercept) -2.54±0.26    
Environmental condition 
(EC) 
-1.92±0.52 1 54.20 <0.001 
Age Category (Juv and Sub) -0.79±0.10   <0.001 
Age Category (Yearling) 0.44±0.08   <0.001 
Sex(M) 0.48±0.11   <0.001 
Dom Status (Sub) 0.11±0.12   0.329 
Group Size -1.49±0.13   <0.001 
Presence Pups 0.59±0.05   <0.001 
EC:Age Class  3 22.27 <0.001 
EC:Juv and Sub -1.00±0.39   0.012 
EC:Yearling -0.59±0.27   0.026 
EC:Group Size 1.68±0.53 1  0.002 
EC:Presence Pups -0.83±0.27 1 2.71 0.002 




Watch Date 1.91 1.3
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Effect of environmental conditions on distribution of sentinel duties among group members 
The proportion of individuals contributing to sentinel behaviour within a group was significantly lower during the drought compared to the dry (β = -0.06±0.02, t = -3.04, p = 0.003) and the wet (β 
= -0.05±0.02, t = -2.16, p = 0.031) conditions. Dry and wet conditions did not differ (β = 0.01±0.01, 
t = 1.16, p = 0.247), thus were pooled together to non-drought conditions. There was an 
interaction between environmental conditions and group size such that, for small groups during 
drought conditions, the proportion of individuals contributing to sentinel behaviour was the same 
or slightly higher than during non-drought conditions, while the opposite was true for larger 
groups. They showed significantly lower proportions of sentinels during the drought (Table 3; 
Figure 3). Follow up analyses excluding very small groups of less than six individuals, as well as 
very large groups of more than 22 individuals, confirmed the robustness of this result. 
 
 
Figure 3. Relationship between predicted daily proportions of individuals in a group that acted 
as sentinels during drought (black) and non-drought periods (green; wet and dry conditions 




Table 3. Main effects and interaction of environmental condition (EC) and group size on the 
proportion of different sentinels within a group (as determined by a linear mixed model; Number 
of obs= 883, groups: Watch Date= 175; Group=25). 
Fixed Effect Estimate± SE Df X2 P 
(Intercept) -0.99±0.07    
Environmental Condition (EC) 0.20±0.21 1 35.65 0.335 
Group Size -0.05±0.01 1 215.25 <0.001 
EC:Group Size -0.04±0.01 1 0.99 0.003 
Random effects Var sd   
Group 0.04 0.21   
Watch Date 0.01 0.09   
Significant variables are shown in bold. 
 
Effects of environmental conditions on response to sentinel calls 
 Foraging meerkats responded differently to the four tested playback conditions during the 
drought in comparison to the non-drought period. The playback of sentinel calming calls elicited 
less bipedal vigilance in the drought compared to the non-drought period (Table 4; Figure 4c). 
Close calls (average cc), on the other hand, led to more foraging behaviour during the drought 
(Table 4; Figure 4a), while background noise tended (p < 0.1) to elicit less foraging behaviour 
(Table 4, Figure 4a) and more quadrupedal vigilance behaviour (Table 4; Figure 4b) during the 
drought period. We did not, however, find any evidence, that warning sentinel calls were more 




Figure 4. Comparison of (a) foraging, (b) quadrupedal vigilance and (c) bipedal vigilance 
behaviour given in response to the four different playback conditions (close calls (= average cc), 
background noise (bkg), calming sentinel calls, warning sentinel calls) between drought and non-





Table 4. GLMM model output and post-hoc multiple comparison test to compare foraging, 
quadrupedal vigilance and bipedal vigilance during the different playback conditions between 
drought and non-drought year (Number of obs = 946, number of playbacks = 60, Code:Group = 
56, Group = 12). 
Behaviour Condition Estimate± SE z-value P 
Foraging (Intercept) 2.88 ± 0.30   
 Close calls 0.84 ± 0.41 2.04 0.04 
 Background -0.70 ± 0.41 -1.73 0.08 
 Calming 0.49 ± 0.43 1.12 0.26 
 Warning 0.04 ± 0.39 0.09 0.93 
Quadrupedal (Intercept) -4.13 ± 0.28   
Vigilance Close calls -0.22 ± 0.33 -1.42 0.15 
 Background 0.71 ± 0.32 2.45 0.01 
 Calming -0.08 ± 0.35 -0.29 0.77 
 Warning -0.11 ± 0.31 -0.65 0.52 
Bipedal (Intercept) -3.11 ± 0.27   
Vigilance Close calls -0.62 ± 0.37 -0.67 0.09 
 Background -0.42 ± 0.37 -1.12 0.26 
 Calming -1.02 ± 0.38 2.67 0.007 
 Warning -0.17 ± 0.36 0.48 0.63 





Our results show the frequency of cooperative behaviours in meerkats to be significantly reduced 
during naturally occurring, extreme environmental conditions with limited food availability, 
supporting previous work on food dependency of cooperative behaviours. While the probability 
of cooperative sentinel behaviour was the same during commonly occurring dry and wet years, in 
the extreme drought year with almost no rain, a shift in the investment from cooperative 
behaviours to foraging behaviour with immediate individual benefits was observed, and vocal 
group coordination was also affected. During the drought year, individual meerkats reduced the 
frequency with which they contributed to sentinel behaviour. These reductions were largest in 
young individuals of less than two years, members of smaller groups, and in groups with pups. 
Compared to smaller groups, in larger groups the contribution to sentinel behaviour was less 
evenly distributed among group members during the drought compared to the non-drought (dry 
and wet years taken together) periods. Meerkats also responded more strongly to calming 
sentinel calls and contact calls, showing more foraging and less vigilance behaviour in the drought 
year than in a year with wet conditions. Background noise, however, led to less foraging and more 
vigilance behaviour in the drought year. 
In accordance with our predictions, we found that within groups, especially young 
individuals, i.e. juveniles and subadults, were less likely to act as sentinel during the drought. 
Yearlings (1-2 years old) also showed less sentinel behaviour during the drought compared to 
adults, however, the effect was less strong than in the younger age class. Furthermore, we found 
that group size and composition significantly affected the probability to act as sentinel when 
comparing the drought year with the dry and wet years. Members of small groups and groups 
with pups reduced the sentinel frequency during the drought more than members of larger groups 
and groups without dependent offspring. The effect of group size is likely explained by the higher 
individual contribution to sentinel behaviour in smaller groups (Clutton-Brock et al., 1999b). The 
found effect of presence of pups suggests that having dependent offspring (pups) comes with 
additional costs of helping behaviours such as allolactation, pup feeding and protection of pups 
(Clutton-Brock and Manser, 2016). As the survival of young is critically dependent on provisioning 
from adults, it is not surprising that these behaviours are prioritized over sentinel behaviour as a 
response to limited resources. 
Duration of sentinel behaviour per guarding event was longest during wet years. A likely 
explanation is that during these conditions vegetation is usually much taller and denser compared 
to dry years and the drought year and meerkats need to stay on sentinel guard longer in order to 
scan the area for the presence of predators, in particular terrestrial predators. In addition, there 
is more food available in the wet season leading to individuals being faster satiated and thus able 
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to afford to be on sentinel guard for longer periods of time. Against our predictions, we did not 
find a difference in sentinel duration between the dry years and the drought year. The reduction 
in sentinel duration in dry years may be due to the fact that compared to the drought year 
meerkats still keep up the same frequency of sentinel behaviour during dry years as during wet 
years when food is plentiful. Therefore, when conditions get harder there seems to be a trade-off 
between frequency of cooperative behaviours and duration. During dry years it seems that mainly 
duration was reduced while during the drought year it was mainly the frequency that decreased 
with which individuals maintain cooperative behaviours. Further research is needed to explore 
this relationship in other cooperative behaviours, in particular using more drought years. 
In terms of how sentinel behaviour is distributed among group members, we provide 
evidence that larger groups showed a bigger decrease in the number of different individuals going 
on sentinel guard per day in the drought, while the proportion of individuals acting as sentinel of 
smaller groups stayed the same as in non-drought years. Together with the effect of group size on 
the probability to act as sentinel, this suggests that in smaller groups, the same number of animals 
go on shorter sentinel bouts, while in larger groups fewer animals act as sentinels in the drought, 
but those can afford to keep the total time the group has a sentinel similar to non-drought years. 
Thus, larger groups were able to maintain cooperative behaviours, while cooperative behaviours 
in smaller groups were significantly reduced in the drought year. This is in line with previous work 
that shows the benefits of living in larger groups due to lower individual contribution to 
cooperative behaviours (Clutton-Brock et al., 1999b). 
Not only investment into sentinel behaviour changed depending on environmental 
conditions, but also the vocal coordination of foraging meerkats. Test subjects responded more 
strongly to playbacks of sentinel calming calls, which act as ‘all-clear’ signal, resulting in less 
vigilance and more foraging behaviour in the drought period in comparison to the non-drought 
period. A likely explanation is that during demanding conditions individuals rely more on ‘all-clear’ signals in order to maximize foraging. We did not, however, find any evidence that meerkats 
were more likely to ignore sentinel warning calls in the drought period compared to the non-
drought period. This is in line with work on alarm calls, where the costs of not responding to calls 
related to predators have been suggested to be too high to ignore (Schibler and Manser, 2007). 
The fact that meerkats were more vigilant during the drought when they heard background noise 
may indicate, that as a consequence of the decrease in cooperative vigilance behaviour, 
individuals experience higher levels of uncertainty in perceived predation risk and thus invest 
more time into personal vigilance behaviours. Additionally, hearing no calls from other group 
members might increase the perceived risk of losing the group (Gall and Manser, 2017), due to 
meerkats being more spread out when food is spatially and temporally more scattered (Rymer et 
al., 2016). This is supported by findings that during drought conditions foraging meerkat groups 
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split more often compared to dry conditions (Gall, 2017) and can also explain our result that 
meerkats were less vigilant when they heard contact calls during the drought, indicating close 
proximity to other group members (Gall and Manser, 2017). However, other differences in 
seasonal related factors, e.g. spatial cohesion or foraging time, between the two playback periods, 
besides the amount of rain and sentinel frequency, cannot be excluded to have impacted the 
behavioural response of foraging meerkats to sentinel calls. Further playbacks are needed to confirm the importance of specific environmental factors on a species’ communication system. 
In conclusion, our results suggest that naturally occurring, extreme environmental 
conditions, such as droughts, decrease the contribution to cooperative behaviours, as shown on 
the sentinel behaviour in meerkats. Furthermore, these reductions in frequency and to a lesser 
extent duration of cooperative vigilance behaviour were associated with changes in the vocal 
coordination of foraging meerkats. Although meerkats, and cooperative breeders in general, are 
adapted to arid, unpredictable environments (for example Cockburn and Russell, 2011; Schneider 
and Kappeler, 2014), extreme environmental conditions that reduce food availability affect the 
investment of individuals in cooperative activities and the vocal coordination of cooperative 
behaviours. Therefore, we argue that there is likely an ecological threshold beyond which some 
aspects of cooperation including cooperative vigilance behaviour and provisioning of young 
(Wiley and Ridley, 2016) seem to collapse. Our study offers new insights about how extreme 
environmental conditions influence the occurrence of cooperative behaviours and the 
consequences for group coordination in cooperative breeders. 
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3. EFFECT OF GROUP SIZE AND EXPERIENCE ON 
THE ONTOGENY OF SENTINEL CALLING 
BEHAVIOUR IN MEERKATS 
 
R. Rauber & M. B. Manser 
ABSTRACT 
Increased vulnerability to predation and a larger set of predators result in young individuals of 
many species experiencing higher predation pressure. Consequently, antipredator-related calls 
produced by young individuals can differ from the same vocalisations given by adults. Sentinel 
behaviour is a coordinated vigilance behaviour, where one individual climbs on an elevated 
position and scans the surroundings for predators, while the rest of the group is mainly foraging. 
Meerkat sentinels produce six distinct sentinel call types, which inform the rest of the group about 
the perceived predation risk, resulting in the adjustment of personal vigilance behaviour in 
foraging group members. In this study we investigated the onset of sentinel behaviour and the 
ontogeny of the different sentinel call types as well as the development of individual vocal 
signature in young meerkats. Our results demonstrate that meerkats started acting as a sentinel 
68 
 
guard around 200 days of age, but this was highly dependent on group size, with individuals from 
smaller groups exhibiting sentinel behaviour earlier than individuals from larger groups. All six 
types of sentinel calls were already present in the repertoire upon first emergence of the behaviour, however, call rates of ‘all-clear’ sentinel calls increased while warning sentinel calls 
decreased with increasing experience as sentinel. Analysis of one of the most common calming 
sentinel calls, the double note calls, indicated that fundamental frequency, mean amplitude, 
duration and entropy differed consistently between individuals (i.e. different extent and rates of 
change), but we found no effect of age. Lastly, our results provide evidence that individual 
signatures of young meerkats were already developed when they first started to go on sentinel 
guard and changed little in subsequent months. To conclude, we show that sentinel behaviour as 
well as its vocal coordination undergo very little ontogenetic changes before reaching maturity, 
indicating potentially high selection pressures on antipredator behaviours, such as the sentinel 
system, resulting in consistent behavioural response upon first emergence. 
 
Keywords: ontogeny, sentinel behaviour, acoustic communication, individual vocal signature 
 
INTRODUCTION 
As a consequence of living in groups, some animals have evolved specific coordinated 
antipredator defence mechanisms (Krause and Ruxton, 2002; Kruuk, 1964; Zoratto et al., 2009), 
such as sentinel behaviour (Horrocks and Hunte, 1986; Manser, 1999; McGowan and Woolfenden, 
1989). Sentinel behaviour is a coordinated vigilance behaviour mostly seen in cooperative 
breeders, where one individual climbs on an elevated position and scans the surrounding for 
predators while the rest of the group is foraging (Bednekoff, 2015; Clutton-Brock et al., 1999b; 
Horrocks and Hunte, 1986; McGowan and Woolfenden, 1989; Ridley and Raihani, 2006; Wright et 
al., 2001a; Zahavi, 1990). Sentinels have been demonstrated to detect predators more frequently 
and from greater distances than foraging group members (Manser, 1999; Wright et al., 2001b) 
and foraging group members show a higher foraging efficiency when a sentinel is on guard (Hollen 
et al., 2008a; Manser, 1999).  
When sentinels spot a predator, they produce specific alarm calls, allowing group 
members to initiate the proper antipredator behaviour (Bednekoff, 2001; Manser, 2001; Manser 
et al., 2001; McGowan and Woolfenden, 1989; Rasa, 1989). Alarm calls represent a common 
antipredator strategy (Caro, 2005; Sherman, 1977), and are thought to be under intense selection. 
However, selection pressures can vary between different group members, and are generally 
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higher for younger individuals than adults. Thus, offspring environment (Berg et al., 2013) as well 
as differences in predation risk due to higher vulnerability to predation in general or a different 
set of predators than adults, result in selection pressures that can be very different from those of 
adults. Consequently, alarm calls produced by young individuals have been demonstrated to differ 
from calls produced by adults on three levels: vocal production (i.e. the development of species-
specific calls with correct acoustic properties), vocal usage (i.e. the correct choice of calls given 
the circumstances) and lastly development of the appropriate response to conspecific alarm calls 
(Hollen and Radford, 2009; Seyfarth and Cheney, 1986). In meerkats (Suricata suricatta), for 
example, it has been shown that young produce higher pitched and longer calls  (Hollen and 
Manser, 2007), they call more often in response to non-threatening stimuli (Hollen et al., 2008b) 
and newly emerged young show stronger responses to alarm calls, which over the course of 
ontogeny become more and more adult-like (Hollen and Manser, 2006). Furthermore, studies on 
primates suggest a gradual acoustic ontogenetic development of some vocalisations, which may 
require exposure to specific acoustic stimuli as well as vocal practice, similar to what has been 
described in song birds (Seyfarth and Cheney, 1986). Thus, young individuals across many taxa 
undergo vocal ontogenetic development between birth and maturity. 
Animals with individually distinct calls including some birds (Jouventin and Aubin, 2002; 
Lefevre et al., 2001; Radford and Ridley, 2008), primates  (Cleveland and Snowdon, 1982; Miller 
and Thomas, 2012; Salmi et al., 2014; Snowdon and Cleveland, 1980), hyenas (Theis et al., 2007) 
and social mongooses (Jansen et al., 2012; Manser, 1999; Sharpe et al., 2013) provide another 
aspect of vocal ontogeny: the ontogenetic development of acoustic individuality. Individually 
distinct vocalisations reduce uncertainty levels in receivers, allowing them to adjust their 
behavioural response to the caller identity (Salmi et al., 2014). In the context of mother offspring 
behaviour, discrimination among individuals based on vocal signals provides the potential for 
reliable recognition of dependent offspring and therefore offspring survival, while avoiding 
misdirected maternal care (Briefer and McElligott, 2011b; Volodin et al., 2011). In the context of 
anti-predatory behaviours, group members of various species have been demonstrated to adjust 
the response to alarm calls depending on the identity of the caller (or some characteristics of the 
caller) and the associated quality and relevance of the provided information (Blumstein and 
Daniel, 2004; Blumstein et al., 2004; Hare and Atkins, 2001; Ramakrishnan and Coss, 2000). 
However, whether subadult individuals already possess individually distinctive calls when they 
first start producing the relevant call types, such as alarm calls, or whether this is something that 
develops during vocal ontogeny often remains unknown. 
 In addition to alarm calls, sentinels have been observed to produce the so called “Watchman’s song”, which allows foraging group members to obtain acoustic information about 
the presence of a sentinel individual (Hollen et al., 2008a; Manser, 1999; Rasa, 1986). The 
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structure and information content of sentinel vocalisations vary greatly, with some species 
producing one type of sentinel call to announce their presence, while others produce graded 
information contained in call rate of the sentinel call, which informs the rest of the group about 
changes in the perceived predation risk (Hollen et al., 2011a; Kern and Radford, 2013; Rauber and 
Manser, 2017). However, very little is known about the ontogeny of sentinel behaviour 
(Bednekoff, 2015), and nothing about the ontogeny of sentinel vocalisations. Thus, it remains 
unknown at what age the different sentinel calls are exhibited and whether and how sentinel calls 
produced by young differ from those produced by adults.  
In this study we investigated the onset and vocal ontogeny of sentinel behaviour in young 
meerkats. Meerkats are small, highly sociable mongoose occurring in the Kalahari Desert in 
southern Africa (Clutton-Brock et al., 1999a; Clutton-Brock and Manser, 2016). They are 
cooperative breeders living in groups of three to 50 individuals (avg = 17), containing one dominant breeding pair and multiple subordinate helpers, which help to rear the dominant’s 
offspring by providing them with food and protection (Clutton-Brock et al., 1998b; Clutton-Brock 
et al., 1999a; Clutton-Brock and Manser, 2016). Meerkats on sentinel duty produce six different 
sentinel call types and in case a predator is detected they give functionally referential alarm calls 
(Manser, 1999). The sentinel calming calls are produced when no predator is in sight and function as an ‘all-clear’ call, leading to an increase in foraging behaviour and a decrease in vigilance 
behaviour by the rest of the group (Rauber and Manser, 2017). Sentinel warning calls, on the other 
hand, are emitted when the sentinel individual experiences an increase in perceived risk and 
function as a pre-stage of alarm calls, leading to an increase in vigilance behaviour and a decrease 
in foraging by receivers (Rauber and Manser, 2017). In contrast, alarm calls contain information 
about different urgency levels of a flight response as well as information about the predator type, 
i.e. terrestrial or aerial (Manser, 2001; Manser et al., 2001; Manser et al., 2002). Having these 
varying levels of urgency in the same sentinel context, allows us to compare vocal ontogeny of 
sentinel calls with that of alarm calls regarding call usage, call production and development of 
individual signatures. Moreover, meerkat sentinel calls are individually distinct (Manser, 1999) 
and foraging group members adjust their behavioural response to sentinel calming calls based on 
the experience levels of the caller (Rauber and Manser, 2018). 
First, we investigated at what age young individuals began to act as sentinels and whether 
and how group size influenced the onset of this behaviour. Individual contribution to sentinel 
behaviour decreases with increasing group size (Clutton-Brock et al., 1999b). Accordingly, young 
individuals in smaller groups might have to contribute more to this coordinated vigilance 
behaviour at a younger age in smaller groups, alternatively it is possible that in larger groups, 
which have on average more often an individual on raised guard (Clutton-Brock et al., 1999b), 
young individuals learn more quickly from other group members. Secondly, we determined the 
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age when different sentinel call types were first produced by young meerkats and how call rates 
changed until maturity. Based on the different urgency levels of sentinel calming and warning calls 
and due to the higher vulnerability of young individuals to predation we expected young 
individuals to produce more warning calls and less calming calls. Lastly, focusing on double note 
calls, one of the most common sentinel call type, we examined the amount of individuality encoded 
in this call and how it changed with increasing age of the signaller. As short note calls are also used 
in other context, it is possible that individuals that start going on guard have already developed 
their individually distinct call signature. 
 
METHODS 
Study site and population 
This study was carried out between February and July 2017 at the Kalahari Meerkat Project (KMP) 
located at the Kuruman River Reserve in South Africa. Additionally, the analyses relied on long 
term data collected in previous years. The study site has a semi-arid climate and is characterised 
by perennial grasses, shrubs and trees as main vegetations (see Clutton-Brock et al., 1999a; 
Doolan and Macdonald, 1996; Doolan and Macdonald, 1997 for more information about the 
habitat and climate at the study site). All animals recorded during this study were habituated to 
close human observations and sound recording equipment, allowing for recording distances of 
less than 1m. Information about individual identity, age, as well as the frequency of sentinel 
behaviour was collected as part of the KMP’s long-term data collection. In total, we used eight 
groups with group size varying between nine and 24 individuals (mean ± sd = 14.1 ± 6.25). Age 
classes were characterised as following: individuals younger than 3 months, i.e. pups, are for the 
most part dependent on feeding and protection from adult group members. Juveniles, 3-6 months, 
start to forage on their own, but still get complementary feeds from adults. Subadults, 6-12 
months, forage independently and show more adult like behaviours, including offspring care or 
burrow maintenance. Individuals over 12 months of age are considered adults. 
 
Behavioural data from the long-term database 
We extracted the age at the first sentinel bout equal or longer than one minute for every meerkat 
born between August 2011 and October 2016, resulting in a total of 428 meerkats. One minute 
was chosen to exclude individuals that were just climbing up an object and were mistakenly noted 
down as sentinel individual. If the individuals stay in the raised position for a minute or longer, 




We recorded a total of 191 sentinel events in eight groups (5-69 recordings per group; mean = 21) 
containing 1165 calls from 48 meerkats between 112 and 380 days old. Recordings were 
conducted during naturally occurring sentinel bouts using a Sennheiser directional microphone 
(ME66/K6) connected to a Marantz PMD-670 solid-state recorder (Marantz Japan Inc.; sampling 
frequency 44.2 kHz, 16 bits accuracy). A windshield (Rainhardt, W200) was attached to the 
microphone to ensure high quality recordings under variable wind conditions. The microphone 
was attached to a 1.5m telescopic pole in order not to disturb the calling meerkats by keeping a 
distance of 1m between the meerkat and the recording person, while at the same time the 
recording distance was <0.5m and thus allowing for high signal-to-background ratio.  
 
Extraction of acoustic parameters 
Each vocalisation in the recordings was manually assigned to one of the six described sentinel call 
types and alarm calls (Fig.1) using a combination of visual inspection of the spectrogram and 
acoustic classification of calls in Adobe Audition (2015.0 Release)(Manser, 1999; Rauber and 
Manser, 2017). Work on previously described meerkat call combinations found that the silence 
interval between two combined calls is generally 20 times less than the silence interval among 
vocalisations that were considered to be independently produced (Collier et al., 2017). We used 
the same criteria here to categorise each of the six types of sentinel calls (Manser, 1999). 
To extract acoustic parameters of one the most commonly produced sentinel call types, 
the double note call, we used Avisoft SASLab Pro (version 5.2.12). Upon loading the sound file into 
the program, we first removed noise levels below 250Hz applying a high-pass domain finite 
impulse response (FIR) filter. Afterwards we created spectrograms (FFT length = 512, overlap = 
87%) and visually checked the tracking of the fundamental frequency (F0) and the duration of the 
elements. Calls that were not of high enough signal to noise quality and thus were not tracked 
correctly by the program were removed from the analysis. Similar to work by Salmi and collegues 
(2014) we only included individuals with at least four high quality calls. Additionally, we only used 
individuals where we had at least four independent recordings from different sentinel events. 
Fundamental frequency and peak amplitude were measured at 10 regular intervals throughout a 
call element but only measurements 2-9 were used for analysis as the first and the last were most 






All statistical analyses were done using R Version 3.3.0 (R Core  Team, 2018). To analyse the effect 
of group size on the age at first sentinel bout, we used a linear mixed model (LMM) with age (in 
days) as a response and sex and group size as fixed effect. Group identity was included as a random 
factor. As contribution to sentinel behaviour is higher in smaller groups, and because group size 
had a significant effect on the onset of sentinel behaviour, young individuals from smaller groups 
may acquire more experience sooner than individuals in larger groups. Hence, for further analysis of the ontogeny of sentinel vocalisations, we used the “GuardSum”, which has been calculated as 
the total duration of all sentinel events of a given individual until the day of the recording. To test 
whether the presence of a given call type in the recordings was affected by age or experience, we 
used a generalized linear mixed model (GLMM) with the presence of a call type as binomial 
response variable and group size and age or guard sum respectively. Sentinel ID, group ID and 
date were used as random factors. 
Following the methods used in Salmi et al. (2014), we compared the variation between 
calls of different individuals to the variation measured within individuals to assess whether calls 
show the potential for individual coding (PIC). To do this we measured the acoustic variability of 
each acoustic parameter (derived for each call element) by calculating the inter-individual 
variation means (MEANinter = average mean of the measured parameter over the calls of all 
individuals) and the standard deviation (SDinter = sd of the measured parameter over the calls of 
all individuals). Then we calculated the coefficients of variation between individuals (CVinter  = 
100* SDinter/MEANinter) and within individuals (CVintra = mean of individual CV values; with 
CV=100*SD/MEAN for each individual). PIC was calculated as CVinter/CVintra , whereby values 
above 1 indicate higher variation between individuals than within individuals and thus the 
potential for this variable to encode individual information (Salmi et al., 2014). To test for any 
changes in individual distinctiveness across ontogeny, we used discriminant function analysis 
(DFA; Klecka and Iversen, 1980) on the measured acoustic variables of ten individuals younger 
than 250 days and ten individuals between 250 and 380 days of age  to get the percentage of 
correct assignment of calls to individuals, using the leave-one-out method (Hair et al., 1995). For 
both age categories we used 16 calls per individual resulting in 160 calls each. 
 
Ethics 
All the recordings and observations used in this study were conducted with the permission of the 
ethical committee of Pretoria University and the Northern Cape Conservation Service, South 




Starting age to act as sentinel 
Mean age when meerkats first began to act as sentinel guard for a minute or longer was 196.9 ± 
66.7 days (mean ± std. dev.). Young meerkats in larger groups had their first sentinel bout at a 
later age than meerkats in smaller groups (LRT: df = 1, χ2 = 8.43, p = 0.004; LMM: β = 0.05, se = 
0.01, p = 0.004). Males did not differ significantly from females in the age at first sentinel bout 
(LMM: β = -8.92, se = 6.51, p = 0.17). Because group size affected the onset of sentinel behaviour, 
the following analyses used relative individual experience (total guard sum), rather than absolute 




Figure 1.  Influence of group size on age when females (grey) and males (black) were first 




Onset and use of the different sentinel call types 
All six described sentinel call types were present in recordings of the youngest individuals (112-
127 days old). Accordingly, the likelihood to find any of the six sentinel call types in a given 
recording was not affected by the sentinel experience (guard sum) of the individual on sentinel 
guard (Table 1; Fig.2). However, the call rates of some of the six different call types used during 
sentinel behaviour changed with experience of the calling individuals, i.e. how often the caller had 
acted as a sentinel before (Table 2). Single note calls significantly increased with increasing 
experience as sentinel, i.e. guard sum, whereby larger groups had shallower slopes than smaller 
groups (Table 2., Fig. 2). In contrast, the call rate of wheek calls decreased with increasing 
experience of the caller.  Again, this effect was smaller in larger groups, meaning that smaller 
groups decreased the proportion of wheek calls faster than larger groups. 
 
Table 1: Effect of sentinel experience (the total amount of time (GuardSum in minutes) an 
individual had been recorded as sentinel) on probability to produce each of the six described 
sentinel call types. 
Call Type Estimate Std error P value 
Single note (sn) 0.32 0.34 0.336 
Double note (dn) 0.38 0.38 0.32 
Triple note (tn) -0.11 0.27 0.701 
Multiple note (mn) 0.84 0.44 0.078 
Di-drrr call (didr) -0.49 0.32 0.123 




Figure 2. Appearance of each of the six sentinel call types in sentinel recordings of young 
meerkats between six and 15 months in relation to sentinel experience, i.e. the total amount of 





Table 2: Effect of sentinel experience (the total amount of time (GuardSum in minutes) an 
individual has been recorded as sentinel) and group size on changes in call rate of the six 
described sentinel calls. 





Guard Sum 0.65 0.25 0.012 
Group Size 0.31 0.28 0.183 
Guard Sum*Group Size -0.66 0.25 0.020 
dn 
 
Guard Sum -0.05 0.28 0.899 
Group Size 0.35 0.44 0.959 
tn 
 
Guard Sum -0.24 0.24 0.148 
Group Size -0.122 0.389 0.286 
Guard Sum*Group Size 0.228 0.235 0.052 
Mn 
 
Guard Sum -0.101 0.24 0.670 
Group Size 0.57 0.56 0.330 
Didr 
 
Guard Sum 0.01 0.16 0.931 
Group Size 0.93 0.65 0.245 
Wh 
 
Guard Sum -1.583 0.65 0.018 
Group Size -0.329 0.66 0.620 





Ontogeny of acoustic parameters and individuality 
Visual inspection of mean fundamental frequency (f0), mean peak amplitude (ampl), duration and 
mean entropy of the first element of the double note calls showed high variation in the  amount 
(total difference between first and last recording) and degree of change (slopes) for different 
individuals over age (Fig.3). Accordingly, we found consistent individual differences in the mean 
of all measured parameters (different intercepts; LRT, f0: df = 1, χ2 = 46.47, p < 0.001; ampl: df = 1, χ2 = 14.71, p < 0.001; duration: df = 1, χ2 = 63.09, p < 0.001; entropy: df = 1, χ2 = 8.90, p = 0.003), 
but no general effect of age (Table 3). Due to the current data structure we were unable to test 
whether individuals also differed from each other across age (different slopes). The potential for 
individual coding (PIC) of all measured variables was above 1 (mean fundamental frequency: PIC 
= 1.46; mean peak amplitude: PIC = 1.46; duration: PIC=1.65; mean entropy: PIC = 1.22), thus all 
variables had the potential to be individually distinct. DFA analysis resulted in 65% correct 
assignment of ten individuals younger than 250 days, which was significantly higher than 
expected by chance (C.I. = 0.57-0.72, expected by chance = 0.1, p < 0.001). Call analysis of 10 
individuals between 250 and 400 days showed a correct assignment of 57.7% (C.I. = 0.57-0.77, 
expected by chance = 0.1, p < 0.001), which suggests consistent individual distinctiveness when 
individuals first act as sentinels up to six months later.  
 
Table 3. Effect of age on mean fundamental frequency, mean peak amplitude, duration and mean 
entropy of the first note produced in double note calls. 
Acoustic parameter   est±se  t  p   
Mean Fundamental Frequency 0.01±0.24 0.06  0.97 
Mean Peak Amplitude   -0.02±0.01 -1.65  0.10 
Duration    0.01±0.01 -0.766  0.447 






Figure 3. Ontogenetic development of mean fundamental frequency, mean peak amplitude, 
duration and mean entropy of the first note produced in double note calls with increasing age of 
the caller. Colours and connecting lines indicate identity of the 17 individuals with four or more 





This study addressed the ontogeny of sentinel behaviour in meerkats, in particular the age at 
which they first start to act as sentinels, the production and call rates of the different sentinel call 
types as well as the development of individual signatures. We demonstrate that the onset of acting 
as a sentinel guard was highly dependent on group size. Individuals from smaller groups exhibited 
sentinel behaviour earlier than individuals from larger groups. This study also provides new 
evidence that sentinel calls were already present in the repertoire upon first emergence of the 
behaviour and undergo very little change throughout development to adulthood. Regarding call 
rates of the different sentinel call types, however, we found that with increasing age, subadult 
meerkats increased the call rate of single note calls and decreased the call rate of wheek calls. For 
both types of these sentinel calls individuals from smaller groups demonstrated faster changes 
than individuals from larger groups given the same amount of sentinel experience. Analysis of 
double note calls indicated that mean fundamental frequency, mean amplitude, duration and 
entropy differed consistently between individuals, but we found no general effect of age. Lastly, 
our results provide evidence that the individual signature of young meerkats was already 
developed when they first started to go on sentinel guard and changed little in subsequent 
months. 
The mean onset of sentinel behaviour of around 200 days of age is similar to the onset of 
other cooperative behaviours including pup feeding (189 days) and babysitting (207 days). This 
might suggest that young individuals of less than six months, which may be less efficient foragers 
and are still investing energy into growth did not have the necessary condition to contribute to 
the different cooperative behaviours. Supplementary feeding experiments demonstrated that 
sentinel behaviour, as well as pup feeding, is highly condition dependent (Clutton-Brock et al., 
2001b; Clutton-Brock et al., 1999b; Wright et al., 2001b). However, it is also possible that acting 
as a sentinel requires individuals to have the necessary experience to correctly assess the 
surroundings regarding potential threats. Our result that group size highly affected when young 
meerkats start to act as sentinels suggests that the ontogenetic development of sentinel behaviour 
is not related to absolute age or maturity, but highly dependent on the social environment. This is 
in line with previous work demonstrating that individual contribution to sentinel behaviour 
decreases with increasing group size (Clutton-Brock et al., 1999b). The risk of being predated is 
higher in smaller groups, and potentially therein even higher for young individuals (Clutton-Brock 
et al., 1999a).  Therefore, young individuals benefit from acting as sentinel as this is supposed to 
be the safest position in the group (i.e. sentinels usually reach shelter first) (Bednekoff, 2001; 
Clutton-Brock et al., 1999b; Wright et al., 2001b). Future research could investigate if in smaller 
groups young individuals that start acting as a guard might even be lighter in weight, but because 
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of the higher predation pressure invest more into antipredator behaviours than same-aged and 
potentially heavier individuals from larger groups. 
 The fact that all the six different sentinel call types were already produced when 
individuals first start to act as sentinels could be due to several reasons. First, sentinel call types 
might be innate and thus appear in their repertoire as soon as the context (sentinel behaviour) is 
shown by young meerkats. Second, sentinel call types are not exclusively used in the context of 
sentinel behaviour, but also in social and potentially other vigilance contexts including allo-
grooming and sunning behaviour in the morning and baby-sitting at the burrow (Collier et al., 
2017; Manser, 1998). Pups themselves already produce the single note calls within the first weeks 
of their life either as single calls or as units within call series (Manser, 1998). Consequently, by the 
time young meerkats start to go on guard, they may have already learned how to produce the 
different call types in other contexts. Third, it is likely that young individuals pick up the different 
sentinel call types when they are still pups and juveniles (i.e. younger than 6 months), as they are 
exposed to these calls from an early age. Previous work on the ontogeny of the behavioural 
response to alarm calls showed mixed results: while some behavioural responses seemed to 
undergo the biggest ontogenetic changes before young become independent foragers (within 
three months), other characteristics, such as reaction time and response duration only developed 
later (Hollen and Manser, 2006). Further research, such as acoustic recordings of younger 
individuals, i.e. pups and juveniles, during different contexts, is needed to fully understand when 
and how young meerkats include call types used in sentinel context in their vocal repertoire. 
 Our findings that the call rates of the different sentinel call types recorded during a 
sentinel bout change very little with increasing experience support previous work on the 
ontogeny of meerkat alarm calls that showed that young meerkats (<12months) show a high 
correct classification along the level of urgency (correct assignment of low and high urgency 
contexts). Nevertheless, we found an increase in the call rate of single note calls and decrease in 
the call rate of wheek calls, with increasing experience of the caller. In both cases there was a 
significant interaction with group size, with smaller groups showing a faster increase or decrease 
in call rate compared to larger groups. The increase in single note calls, which belong to the 
calming calls, is likely due to young meerkats becoming more confident in their assessment of 
urgency levels. The higher call rate of warning calls when individuals are younger, could be an 
overestimation of the perceived predation risk, similar to infant vervet monkeys (Cercopothecus 
aethiops), which frequently produce alarm calls to non-threatening stimuli and only restrict their 
alarm calls to actual predator species over time (Seyfarth and Cheney, 1986). In such situations, 
when young show a stronger reaction to non-threatening stimuli, the question is whether this 
represent an adaptive adjustment to age-dependent differences in predation risk, or whether 
young are just overreacting and still need to improve discrimination between threatening and 
82 
 
non-threatening situations. As young meerkats did not show an increased fear response to 
predators that present a greater threat for young compared to adults (Hollen et al., 2008b), this 
may indicate that also in the context of sentinel behaviour increasing experience improves the 
discrimination abilities between different levels of danger. This is supported by the results that 
young from smaller groups, which experience overall the same absolute predation pressure as 
young from larger groups, but are faster in accumulating experience as sentinels, show a quicker 
decrease in warning calls and a quicker increase in calming calls. 
 In line with the absence of changes in acoustic parameters of the double note calls, one of 
the most frequently emitted, individually distinct sentinel calls (Manser, 1999), our results 
indicate that individual distinctiveness is already high when individuals started to act as sentinels. 
This is in contrast to studies showing an increase in individuality with increasing age in domestic 
goat kids (Briefer and McElligott, 2011b), goitre gazelles (Lapshina et al., 2012) and chicks of non-
passerine birds (Insley et al., 2003; Jones et al., 1987; Klenova et al., 2009; Lefevre et al., 1998). 
However, young only started to act as sentinels when they were 200 days old, and it is therefore 
possible that they do undergo acoustic development and changes in individual distinctiveness at 
a younger age.  This becomes even more likely when taking into account that the double note calls 
are also produced in several other contexts which are shown before the onset of sentinel 
behaviour (Collier et al., 2017). The fact that young individuals are already individually distinct 
upon first emergence of this behaviour may suggest that individual distinctiveness plays an 
important role in the vocal coordination of the sentinel system. This supports recent work on 
discrimination between signallers, which demonstrated that foraging meerkats discriminate 
between the calming calls of different sentinel individuals and adjust the extent to which they rely 
on social information provided by these individuals (Rauber and Manser, 2018).   
 To conclude, we show that subadult meerkats started acting as sentinels around 6.5 
months (simultaneous with other cooperative behaviours) and demonstrated little change in 
vocal call patterns with increasing age and experience. As the majority of sentinel calls are also 
produced in other contexts, it is possible that vocal ontogeny takes place at a younger age. 
Alternatively, but not mutually exclusive, our results may suggest strong selective pressures on 
antipredator behaviours such as the sentinel system, resulting in a fully functional behavioural 
and vocal response upon first emergence of sentinel behaviour. A third possibility is that the 
similar vocal calling behaviour of subadults and young adults may indicate that, in contrast to the 
alarm call system, which are directly related to the presence of a predator and show ontogenetic 
development (Hollen et al., 2008b; Hollen and Manser, 2006, 2007), individuals of different ages 
experience similar levels of risk when producing sentinel calls, i.e. in the absence of a predator, 
therefore showing the same behavioural and vocal responses. Further research on individual 
vocalisations of pups (up to three months) and juveniles (three to six months) is needed to 
83 
 
understand the extent of ontogenetic development on the different call types and the roles of 



























4. MEERKAT SENTINEL CALL SEQUENCES 
CONTAIN INDIVIDUAL AND TEMPORARY 
CONTEXTUAL INFORMATION 
 
submitted to Proceedings of the Royal Society B 
R. Rauber, B. Kranstauber & M. B. Manser 
ABSTRACT 
The ability to recombine smaller units to produce infinite structures of higher order-phrases, is 
unique to human language, yet evidence on animals to combine multiple acoustic units into larger, 
meaningful sequences increases constantly. In this study we investigated the composition and 
information content of sentinel call sequences in meerkats (Suricata suricatta). While being on 
sentinel guard, a coordinated vigilance behaviour, meerkats produce long sequences composed of 
six distinct sentinel call types and alarm calls. We analysed recordings of sentinels to test if the 
order of the call types is graded and whether they contain any group or individual vocal 
signatures. Our results confirmed the graded character of sentinel call sequences, likely referring 
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to changes in the perceived predation risk. Analysing sequence similarity within and between 
individuals and groups demonstrated that the order of the most commonly emitted sentinel call 
types displayed high within individual consistency. Our results present a novel type of 
combinatoriality underlying animal vocal sequences, which does not fit the typical combinations 
of meaningful units described so far. Our study demonstrates how complex animal call sequences 
can be described by simple rules, in this case gradation across distinct call types, combined with 
individual specific call patterns.  
 
INTRODUCTION 
The combinatorial diversity seen in the reuse and recombination of a finite set of smaller, 
meaningless acoustic elements into meaningful units, which are then combined into infinite 
structures of higher order phrases, is unique to human language (Hocket, 1960; Hurford, 2012). 
Yet, producing long sequences composed of smaller units has also been demonstrated across non-
human animals, where producers combine multiple calls into larger meaningful structures. Some 
animal vocal sequences, in particular songs produced by birds and marine mammals, consist of 
smaller meaningless vocal units, which are not produced by themselves and thus can be 
considered to have no function but are combined into a meaningful overall sequence (Engesser et 
al., 2019). In contrast, when animals produce a series composed of meaningful units, they typically 
only combine two different call types, resulting in a meaning related to the meaning of its parts or 
in a new meaning different from the meaning of each call type separately (reviewed in Engesser 
and Townsend, 2019).  
Information is not only conveyed by the composition of distinct call types into sequences, 
but also the temporal structure of repeated sound elements within a larger sequence can contain 
meaningful information (Engesser and Townsend, 2019). In particular, information about predatory threats and an individual’s related level of arousal has been demonstrated to be 
reflected by changes in the number of repeated elements or the inter-element intervals (Courter 
and Ritchison, 2010; Templeton et al., 2005). Few primate species have furthermore been 
described to combine distinct call types into larger sequences, where the proportional 
distribution of calls and transitional probabilities among call types contain contextual information 
(Berthet et al., 2019; Clay and Zuberbühler, 2009). However, the precise mechanisms how the 
information in these large sequences is conveyed are often less clear.  
Although the increasing body of data shows that animals apply diverse combinatorial 
mechanisms to combine single calls into larger structures, there is still a gap between songs 
(which typically contain information about caller attributes) and call combinations (which contain 
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contextual information) – with no intermediate forms described so far. Context and information 
content of these different structures vary across taxa (reviewed in Kershenbaum et al., 2016). In 
some avian species including marsh warblers (Acrocephalus palustris) and zebra finches 
(Teaniopygia palustris) the sequences are used to advertise male quality through varying 
complexity of the produced sequences (Darolová et al., 2012; Holveck et al., 2008). Sequences can 
contain identity information, both on an individual level (Sayigh et al., 2007; Sayigh et al., 1999) 
as well as on a group level or local scale, i.e. neighbours versus strangers (Briefer et al., 2011). In 
contrast, call combinations have been demonstrated to contain meaningful, context specific 
information based on the temporal ordering of the units contained in longer sequences (Berthet 
et al., 2019; Engesser et al., 2019). For example, bonobos (Pan paniscus) combine five acoustically 
graded call types into longer, mixed sequences containing information about the type of food 
encountered (Clay and Zuberbühler, 2009). Despite the increasing evidence for meaningful vocal 
sequences across contexts, little attention has been paid to individual differences in the structure 
and composition of animal vocal sequences and the potential to contain further information about 
caller identity, state, sex or age.  
In this study we apply recently introduced analytical methods, which systematically 
characterise and analyse call sequences of animal vocalisations (reviewed in Kershenbaum et al., 
2016; Kershenbaum et al., 2014) to investigate the combinatorial features and information 
content of a structurally complex call sequence produced by meerkats. Meerkats have been 
demonstrated to frequently combine calls across both social and predatory contexts (Collier et al., 
2017). They are small, highly social mongoose living in cooperatively breeding groups from three 
up to 50 (average group size 17) individuals (Clutton-Brock and Manser, 2016) occurring in arid, 
semi-desert areas of the Kalahari Desert in southern Africa (Doolan and Macdonald, 1996). When 
foraging between vegetation and while digging for prey in the sand, meerkats have a limited view 
of their surroundings, making them rely heavily on acoustic rather than visual communication. 
Meerkats frequently show sentinel behaviour where one individual climbs on an elevated position 
and scans the area for the presence of predators (Clutton-Brock et al., 1999b). If a sentinel spots 
a predator, they produce functionally referential alarm calls containing information about the 
type of predator (i.e. terrestrial or aerial) as well as graded information about the urgency level 
(Manser, 2001; Manser et al., 2002) allowing foraging group members to adjust their escape 
behaviour accordingly (Manser et al., 2001).  
Besides alarm calls, sentinels continuously produce a series of calls composed of six 
discrete sentinel call types (Manser, 1999). The sentinel calming calls, act as ‘all clear’ signal to the 
rest of the group, while the warning sentinel calls function as a pre-stage of alarm calls (Rauber 
and Manser, 2017). Besides the information about the perceived predation risk, foraging group 
members also take the identity and experience of the signaller into account when deciding to what 
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extent they rely on the provided social information (Rauber and Manser, 2018), highlighting the 
importance of individual distinctiveness in these calls and potentially the whole sequence. Despite 
understanding the functions of some of the six sentinel calls and that all meerkats produce all six 
sentinel calls from the moment they first show sentinel guarding behaviour (Rauber & Manser in 
prep.), the composition of the produced sentinel sequences - including order and potential 
gradation of the call types - as well as individual or group specific signatures are unknown. 
Here, we investigated the combinatorial structure and the order of the different call types 
produced within sentinel sequences. Based on previous playback experiments (Rauber and 
Manser, 2017) and the acoustic properties of the six described sentinel call types (Manser, 1999), 
we expected that the number of calls in the short note calls, i.e. single note (sn), double note (dn), 
triple note (tn) and multiple note (mn) calls (Fig.1) contain information about the perceived risk 
and thus should be given in a graded way. Based on the function and the acoustic structure of the 
warning sentinel call types (di-drrr and wheek calls; Fig.1), we expect the order to be di-drrr, 
wheek and then alarm calls. To summarize, we expect a gradation from the single note call type, 
to the double note, triple note, multiple note, di-drrr, wheek, and finally changing into alarm calls. 
Furthermore, we tested if there were consistent group, individual, age, sex, dominance specific 
calling patterns allowing receivers to gain additional information about the caller. If the call 
sequences were mainly reflecting the environmental ecological or social input the signallers 
perceive, we would expect group specific signatures to emerge as a result of groups sharing the 
same environment. However, if it is mainly the information about signaller identity, and the 
potential to discriminate among members of the same group, then we would expect not group 







Figure 1. Spectrograms of the six sentinel call types a) single note call (sn), b) double note call 
(dn), c) triple note call (tn), d) multiple note call (mn), e) di-drrr call, and f) wheek call and two 
examples of alarm calls g) medium urgency terrestrial alarm and h) high urgency terrestrial alarm. 




Randomising the recorded call sequences and comparing them to observed transition sequences 
(Figure 2.) showed that repetitions of the same call type were highly overrepresented, i.e. 
observed number of transitions were above the expected confidence interval (CI), while all other 
transitions were underrepresented, i.e. observed number of transitions were below the expected 
CI (Table 1.; see methods for more details). This means that independent of which call type was 
produced by the sentinel, the following call type would most likely be the same as the previous 
call type. Focusing on transitions between call types (by keeping the number of repetitions of the 
same call type constant, while randomising the transitions between call types), resulted in a highly 
graded pattern. We found that transitions that diverted one level from the zero diagonal (i.e. the 
self-repetitions) were overrepresented, while both, the second and third diagonals were 
underrepresented (Table 2.). This supports our expectation that the call types within larger 
sentinel sequences represent a graded system, where individuals show high rates of call type 
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repetitions and when they change call type, they transition by one step up or down in the 
gradation pattern. For example, from a triple note call they either increase to a multiple note call 
or go down to a double note call. The underrepresentation of the second and third diagonals 
indicates that skipping a step in the gradation and going from a triple note call either up to a didrr-
call or down to a single note call happened significantly less than what was expected by chance 
(Table 2). The resulting overall gradation in order of increasing perceived risk was single note, 
double note, triple note, multiple note, didrr, wheek and finally alarm calls. 
Investigating the composition and overall ordering of sentinel sequences produced by 
adults, we found that sentinel sequences were consistent within the same sentinel bout 
(comparison of the first and last third of the sequence resulted in mean consistency scores, i.e. 
Levenshtein Similarity Index (LSI) of 0.44±0.19). Furthermore, we found that the sequences 
composed of short note calls (single-, double-, triple- and multiple note calls) were significantly 
more similar within individuals compared to between individuals (Mann Whitney U = 6659600, 
mean±sd within ID = 0.43±0.14; between ID = 0.35±0.14, adjusted p < 0.001). The individual 
specific call patterns were still significantly more similar within individuals compared to between 
individuals when looking at sequences containing all six sentinel call types plus alarm calls (Mann 
Whitney U = 4027100, within ID mean±sd = 0.41±0.14; between ID = 0.31±0.14, adjusted p < 
0.001;Fig.3a). However, when analysing only sequences consisting of sentinel warning calls and 
alarm calls (by artificially replacing any other calls in between with a single X) there was no 
difference between within-individual and between-individual sequence similarity. Individuals 
from the same groups did not show higher LSI scores, i.e. sequence similarity did not differ within 
and between groups (Mann Whitney U = 58074, within group mean±sd = 0.23±0.14; between 
groups = 0.21±0.13, adjusted p = 1; Fig.3a). Moreover, we found that within adult individuals 
females showed significantly higher LSI scores compared to males (Mann Whitney U = 30548, 
females mean ±sd = 0.46±0.13, males = 0.39±0.14, adjusted p < 0.001; Fig.3b), but no difference 
in sequence similarity between dominant and subordinate individuals (Mann Whitney U = 8896, 
dominants mean±sd = 0.33±0.24, subordinates = 0.42±0.13, adjusted p = 1). Investigating call 
sequences produced by subadults showed similar consistency scores within bouts as found for 
sentinel sequences produced by adults (mean LSI±sd = 0.4±0.21). In contrast, within individuals, 
sequence similarity scores were significantly lower for subadults than for adults (Mann Whitney 
U = 158810, mean±sd subadults = 0.32±0.15, adults = 0.41±0.14, p adjusted <0.001; Fig.3a). 
Accordingly, for subadults there was no difference in consistency when comparing recordings 
from within compared to between individuals (Mann Whitney U = 22885000, within ID mean±sd= 
0.33±0.15, between ID = 0.29±0.13, p adjusted = 1; Fig.3a).  
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Table 1. Comparison between the number of transitions expected for each diagonal (95% CI) from 
the randomised sequences when all call transitions were randomised and the observed 
sequences. 
 
Diagonal      95%CI no. transitions            observed no. transitions       interpretation 
-6 (6 levels up) 129 – 160.5   75    under  
-5 (5 levels up) 233 – 280.1   128    under 
-4 (4 levels up) 487.4 – 542   441    under 
-3 (3 levels up) 482.5 – 540   386    under 
-2 (2 levels up) 895.9 – 995.7   789    under 
-1 (1 level up)  5120.9 – 5296.2  4849    under 
0 (repetition)  11873.5 – 12103  13049    over 
1 (1 level down) 5105.9 – 5296.7  4834    under 
2 (2 levels down) 905 – 992.7   739    under 
3 (3 levels down) 493.4 – 550.6   403    under 
4 (4 levels down) 486.5 – 540.1   446    under 
5 (5 levels down) 239.5 – 281.6   156    under 






Table 2. Comparison between the number of transitions expected for each diagonal (95% CI) from 
the randomised sequences when replications (zero diagonal) were kept constant (in order to 
focus on transitions between calls) and the observed sequences.  
 
Diagonal      95%CI no. transitions         observed no. transitions             interpretation 
-6 (6 levels up) 70 – 94   75   as expected 
-5 (5 levels up) 159 – 194   128   under 
-4 (4 levels up) 424 – 477   441   as expected 
-3 (3 levels up) 424.9 – 490   386   under 
-2 (2 levels up) 791.9 – 873.0   789   under 
-1 (1 level up)  4612.9 – 4730.1  4849   over 
0 (repetition)  13049 - 13049   13049   kept constant 
1 (1 level down) 4609.9 – 4730   4834   over 
2 (2 levels down) 784.9 – 870   739   under 
3 (3 levels down) 422 – 484   403   under   
4 (4 levels down) 420.9 – 473   446   as expected 
5 (5 levels down) 154 – 193   156   as expected 
6 (6 levels down) 69 – 92   81   as expected 





    
 
Figure 2: Top: Observed transition probabilities between all the six sentinel call types and alarm 
calls. Bottom: Expected transition probabilities for all six sentinel call types and alarm calls based 






Figure 3: a. Sequence similarity (Levenshtein Similarity Index LSI) of sentinel sequences recorded 
from adults (solid colours) and subadults (shaded colours) within and between groups. 
Comparison of recordings from individuals originating from the same natal group are shown with 
triangles, while comparisons from individuals born into different natal groups are circles. 
Sequence similarity of recordings from the same individual are blue and from different individuals 




Investigation of the call order and combinatorial structure of the six sentinel call types occurring 
in meerkat sentinel sequences showed that sentinel calls were produced in a graded way, 
resulting in the following gradation (related to increasing perceived predation risk): single note, 
double note, tripe note, multiple note, di-drr, wheek and alarm calls. Call repetitions within the 
same call type were highly overrepresented, while transitions between call types mostly occurred 
within one step up or down the gradation pattern. Analysing sequence similarity within and 
between individuals and groups demonstrated that the short note calls, but not sentinel warning 
or alarm calls, displayed high within individual consistency, whereby adults and females had 
higher consistency scores than subadults and males respectively. 
Together with previous work testing the functions of the different sentinel call types after 
experimentally increasing the perceived risk (Rauber and Manser, 2017), this study provides 
evidence that the order of sentinel call types within larger sentinel sequences is graded according to the caller’s perceived predation risk. By comparing the different diagonals of the observed 
transition matrix to randomly generated sequences, we found that the gradation pattern goes 
from sentinel calming calls to triple- and multiple notes to sentinel warning calls and lastly to 
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alarm calls. Repetitions of the same call type are much more frequent than expected by 
randomisations and most transitions between call types are one-step-changes up or down the 
urgency level (i.e. the 1 and -1 diagonals are highly overrepresented, while the 2 and -2, as well as 
the 3 and -3 diagonals were significantly less frequent than expected). For the short note calls this 
is in line with a large body of literature where the temporal structure of the same call element, 
here the single note calls, varies with increasing risk or arousal state (Blumstein, 2007; Kern and 
Radford, 2013; Wheatcroft, 2015). However, here we provide evidence for a novel pattern of 
gradation including different call types - the short notes, the sentinel warning calls and alarm calls 
- which differ substantially in their acoustic structure and no intermediate calls between the two 
sentinel call types have been observed. Therefore, we present a gradation over multiple, 
structurally distinct but functionally related call types, which conveys information about the 
immediate perceived predation risk. 
The difference in the 5th diagonal, which was underrepresented when risk was increasing 
and as frequent as expected when risk was decreasing, provides some indication that with 
increasing perceived risk the gradation of call types might be more conservative than with a 
decrease in perceived risk. Meerkats continually scan the area for the presence of predators and 
often spot potential threats from long distances (Manser, 1999), personal observation MM and 
RR), when it is not clear yet whether the spotted object presents a threat or not. At the same time, 
call sequences produced during decreasing perceived risk might be less strictly graded than 
during increasing risk, as it seems more efficient to directly give the all-clear sentinel calming calls 
when the potential threat turns out to be non-dangerous.  
The finding that repetitions of the same call type were more common than expected could 
indicate that the perceived risk was stable. Alternatively, it could also convey additional 
information about the individual. The individual specific patterns we found here - which might be 
due to individual specific sequence patterning or individual specific frequency use of call types - 
were mostly based on the four categories of short note calls, as sequences with just warning and 
alarm calls did not show any individual patterning. This result supports previous work 
demonstrating that discrimination among callers and the potential consequences for reliability 
assessment in the context of sentinel behaviour only emerges in low urgency situations (Rauber 
and Manser, 2018), while in higher urgency situations, when sentinels produce alarm calls, the 
costs of not responding to a call are too high (Schibler and Manser, 2007).  
The resulting consistency within individuals could reflect consistent differences in arousal 
or emotional state between individuals (reviewed in Briefer, 2012; Schamberg et al., 2018). 
Alternatively, consistent call patterns could contain relevant information about the individual 
identity of the caller. From a signalling perspective encoding individual identity through call 
patterns as well as acoustic parameters including frequency and duration of calls, represents 
redundant information (i.e. the same information is encoded in different ways (Freeberg et al., 
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2003; Partan and Marler, 1999)). Redundancy is a common feature in animal vocalisations 
(Bradbury and Vehrencamp, 1998) and is thought to increase the ability of the receiver to 
correctly detect the relevant information of a vocal signal and thus provides signal robustness, 
especially in noisy environments (Brumm and Slater, 2006). In the context of sentinel behaviour 
only alarm calls directly refer to a spotted predator, while the sentinel calls refer to a lower 
perceived risk. The immediate perceived risk, however, is likely to be differently assessed by 
different individuals, which might result in individual distinct call patterns. These may in turn be 
used by the receivers to assess the provided social information (Dall et al., 2005). Thus, having 
redundant information about the individual on sentinel guard might be adaptive, which follows 
previous work demonstrating the high importance of individual identity in use of social 
information provided by the sentinels (Rauber and Manser, 2018). Moreover, especially in open 
and sometimes very windy habitats, such as the Kalahari Desert, where call propagation might be 
impaired at times, redundancy could be an adaptive strategy to ensure information transfer 
between the signaller and the receivers. However, it is yet to be tested experimentally if the found 
temporal structures are meaningful for the receivers of the signal.  
 The higher sequence similarity in females compared to males might be related to sex 
differences in dispersal. Females stay in their natal group, potentially experiencing the more 
stable social environment, while males disperse from their natal group and either join another 
group or found a new group. The lower within individual consistencies of sentinel sequences in 
subadults indicates that the individual specific call pattern produced by adults is not yet fully 
developed when young meerkats start to go on guard, but rather undergoes ontogenetic 
development. Thus, ontogenetic changes of sentinel calls might not only be related to the honing 
of skills and increased certainty in assessing the immediate risk, but also to the development of 
individual specific call patterns compared to other litter members and the rest of the group.  
This study supports previous work that not only single acoustic units contain meaningful 
information, but by constructing sequences made up of single units, additional information can be 
conveyed. Moreover, our work highlights the large compositional variety we find in animal vocal 
sequences, by demonstrating that sequences can contain multiple levels of temporal structuring 
related to multiple functions. We present a novel type of combinatoriality underlying animal vocal 
sequences, which neither fits songs nor the typical combinations of meaningful units described so 
far. We demonstrate that by combining different call types in a graded way into one sequence, 
meerkats convey meaningful information about subtle changes in the external environment, while 
at the same time the temporal pattern of the distinct calls contains stable information about caller 
identity. Our work emphasises how seemingly complex call sequences can be described by simple 
rules, in this case gradation across distinct call types related to contextual characteristics, 
combined with individual specific call patterns. Understanding the underlying mechanism and 
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information content of animal vocal sequences ultimately improves our knowledge about the 
evolution of combinatoriality in animal communication systems and potentially our own 
language, where combinatoriality plays a major role in the generative production of meaningful 
information (Hocket, 1960). 
 
METHODS 
Study site and species 
Data were collected at the Kalahari Meerkat Project (KMP) located at the Kuruman River Reserve 
in the southern Kalahari Desert, Northern Cape, South Africa (for more information about habitat 
and climate at the study site see (Clutton-Brock et al., 1999a; Russell et al., 2002). All group 
members were uniquely dye marked to allow individual identification, and one or two individuals 
of each group were fitted with a radio-collar to facilitate localisation of the group (Jordan et al., 
2007). All groups were habituated to close human observations, allowing us to perform high 
quality recordings within a distance of 0.5 m to the focal individual. 
 
Sound recordings  
Sound recordings of individuals on sentinel guard have been collected during May-December 
2014, January-July 2016 and February-July 2017. Calls from naturally occurring sentinel events 
were recorded using a Sennheiser directional microphone (ME66/K6) connected to a Marantz 
PMD-670 solid-state recorder (Marantz Japan Inc.; sampling frequency 44.2 kHz, 16 bits 
accuracy). A windshield (Rainhardt, W200) was attached to the microphone to ensure high quality 
recordings under variable wind conditions. The microphone was fixed to a 1.5 m long telescopic 
pole in order to maintain a recording distance of about 0.5 meters and a high signal-to-background 
ratio. In total we collected 221 recordings from 73 adult sentinel individuals from 15 different 
groups, as well as 193 recordings from 51 subadults from 10 different groups. To avoid any bias 
due to very short recordings we removed all recordings with less than 10 calls resulting in 164 
recordings from 61 adults and 129 recordings from 39 subadult individuals. 
 
Sound analysis 
The different vocalisations in the sound recordings were manually assigned to one of the six 
described sentinel call types and alarm calls (Fig.1) using a combination of visual and acoustic 
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inspection of the spectrogram in AdobeAudition (2015.0 Release)(Manser, 1999; Rauber and 
Manser, 2017). Work on previously described meerkat call combinations found that the silence 
interval between two combined calls is generally 20 times less than the silence interval among 
vocalisations that were considered to be independently produced (Collier et al., 2017). We used 
the same criteria here to categorise each of the six types of sentinel calls (Manser, 1999). After the 
call categorization, we recorded the temporal order of each call within a sequence for each recorded sequence, as well as a caller’s identity, it’s group affiliation, age and sex. 
 
Constructing a transition matrix 
To analyse the temporal order of call types produced in sentinel sequences we constructed a 
transition matrix containing the transition probabilities from each sentinel call type to any other 
sentinel call type. Details of how to construct a transition matrix, have been described in (Chatfield 
and Lemon, 1970). To summarize, the resulting transition matrix containing all transitions from 
all recordings contains seven rows and seven columns (six sentinel call types plus any type of 
alarm calls pooled together into an alarm call group). Each cell, for example row sn and column 
dn is filled with the count of the number of times a meerkat has transitioned from call type sn to 
call type dn. The diagonal cells represent repetitions of the same call type. Based on these counts 
we calculated the transition probabilities as the count of each cell divided by the sum of the row. 
Accordingly, the transition probability describes the probability a specific call type is given based 
on the preceding call type. 
 
Testing gradation of sentinel call types 
To test if the order of sentinel call types is graded (i.e. whether the six sentinel call types are 
produced in a stereotypic order, with the call types representing a graded system potentially reflecting the caller’s perceived predation risk at the time of production) we randomised the call 
sequences within each recording 1000 times. By randomising within the recording file we kept 
the overall frequencies of the calls constant while randomising the call order. We then calculated 
the sums of each diagonal, expecting that if a call is given in a highly graded way, the likelihood of 
a call transition should be getting smaller further away from the zero diagonal (Supplementary 
material S1). For example, individuals that just produced a triple note call are expected to either 
stay on the triple note calls, go one level down to the double note calls or go one level up to the 
multiple note calls. To test this, we calculated the 95% confidence intervals for each of the 
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diagonals from the 1000 randomisations and compared it to the value of the observed transition 
matrix. 
As self-replications of the same call type were highly overrepresented in our call sequences, we 
then did a second round of randomisations where we focused only on call transitions between call 
types. To do this we kept the number of repetitions of the same call type (zero diagonal) constant 
and randomised all other transitions which occur between two different call types. Again, we then 
calculated the diagonal sums and their 95% confidence intervals and compared them to the values 
from the observed transition matrix.  
 
Comparing similarity between sequences 
Recent advances in the analysis of acoustic sequences have introduced the Levenshtein distance 
(LD) as a robust analytical tool to compare animal vocalisations (Garland et al., 2012; 
Kershenbaum and Garland, 2015). The LD is a pairwise comparison of two sequences of 
potentially different length that after prior alignment calculates the minimum number of point 
changes - insertions, deletions or substitutions - to get from sequence A to sequence B (Garland et 
al., 2012; Kershenbaum and Garland, 2015; Kohonen, 1985). Thus, it is calculated as the sum of 
the minimum point changes necessary to get from sequence a to sequence b. As the duration of 
the sentinel sequence vary in length, we then calculated the Levenshtein Similarity Index (LSI) for 
each of the pairwise comparisons of two sequences. The LSI score takes the length of the longest 
sequence into account and thus how many potential point changes (number of insertions, 
deletions or substitutions) are possible, therefore controlling for the fact that longer sequences 
have a higher probability of containing more differences than smaller sequences. The LSI score is 
calculated as 1-LD/max length of sequence, whereby the resulting scores vary between 0 and 1 
where 1 indicates complete similarity and 0 indicates complete dissimilarity between the two 
tested sequences. To investigate consistency of sequences within recordings we divided 
recordings into three parts and calculated the LSI using the first and the last third of the sentinel 
recording. We then compared the calculated LSI scores within and between recordings. 
 
Statistical Analysis 
All statistical analyses were done using R (R Core  Team, 2018). To test the collected sequences 
for individual, age, sex, dominance status or group specific patterns we calculated the LSI using 
the packages stringdist (van der Loo et al., 2019) and RecordLinkage (Borg et al., 2019). We then 
conducted a non-parametric Mann-Whitney/Wilcoxon test to compare the LSI scores within and 
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between individuals, within group and between groups, between adults and subadults, between 
males and females, and between dominant and subordinate individuals (Garland et al., 2012). We 
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S1. The different diagonals of the constructed transition matrix, including call transitions between 
single note (sn), double note (dn), triple note (tn), multiple note (mn), dir-drr (didr), wheek (wh) 
and alarm calls (al). The central, zero diagonal (dark gray) represents the repetitions of the same 
call type, first order diagonal (light gray) indicate call transitions change one step up or down in 
the expected gradation hierarchy and so forth. In a graded system, the diagonals closer to the zero-
diagonal are expected to be overrepresented, while the diagonals further away are expected to 
occur less frequently than by chance.  
 
 
al -6 -5 -4 -3 -2 -1 0
wh -5 -4 -3 -2 -1 0 1
didr -4 -3 -2 -1 0 1 2
mn -3 -2 -1 0 1 2 3
tn -2 -1 0 1 2 3 4
dn -1 0 1 2 3 4 5
sn 0 1 2 3 4 5 6
sn dn tn mn didr wh al






































5. EXPERIENCE OF THE SIGNALLER EXPLAINS THE 
USE OF SOCIAL VERSUS PERSONAL 
INFORMATION IN THE CONTEXT OF SENTINEL 
BEHAVIOUR IN MEERKATS 
 
 
Scientific Reports (2018), 8:11506 
R. Rauber & M. B. Manser  
ABSTRACT 
To maximise foraging opportunities while simultaneously avoiding predation, group-living 
animals can obtain personal information on food availability and predation risk and/or rely on 
social information provided by group members. Although mainly associated with low costs of 
information acquisition, social information has the potential to be irrelevant or inaccurate. In this 
study we use playbacks of individually distinct sentinel calming calls produced during sentinel 
behaviour, a form of coordinated vigilance behaviour, to show that meerkats (Suricata suricatta) 
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discriminate between social information provided by different sentinels and adjust their personal 
vigilance behaviour according to the individual that is played back. We found that foraging group 
members acquired the lowest amounts of personal information when hearing social information 
provided by experienced individuals that act as sentinels most often in their group and 
littermates. Our study shows that social information can be flexibly used in the context of sentinel 
behaviour in order to optimize the trade-off between foraging and vigilance behaviours 
dependent on discrimination among signallers. We also provide novel evidence that the 
experience of sentinels rather than their age or dominance status is the main factor affecting the 
extent to which individuals use social information. 
 
INTRODUCTION 
Accurate knowledge of an animal`s environment is crucial to ensure full exploitation of potential 
foraging opportunities while at the same time avoiding danger (Dall et al., 2005). To acquire 
information on food availability and predation risk, individuals can assess the relevant 
environmental factors directly and gain personal information (Danchin et al., 2004). Additionally, 
group-living animals can use social information by monitoring other group members` behaviours 
and interactions with the environment (Clark and Mangel, 1984; Danchin et al., 2004; Giraldeau 
et al., 2002). Acquisition of social information allows faster and additional gathering of 
information, enhancement of skill learning, and lower costs of information acquisition for each 
group member (Galef and Giraldeau, 2001; Giraldeau, 1997; Valone and Templeton, 2002), 
resulting in fitness benefits for individuals using social information (Gil et al., 2017; Giraldeau et 
al., 2002). However, socially acquired information can be inaccurate, irrelevant or even deceptive 
leading to substantial costs for receivers (Beauchamp and Ruxton, 2007; Giraldeau et al., 2002; 
Ridley and Raihani, 2007). 
Discrimination of social information provided by different individuals might be 
particularly important in systems where callers have variable thresholds to call (Blumstein et al., 
2004) or where calls represent the relative risk the caller perceived during the calling bout 
(Blumstein and Armitage, 1997; Harris et al., 1983). As potentially inaccurate signals might come 
with the costs of an unnecessary predator response, or might have fatal consequences in case of 
not responding to a present predator (Lima and Bednekoff, 1999), it is expected that receivers of 
social information benefit from adjusting their responsiveness according to a signaller`s identity. 
In the context of alarm calling behaviour - a common source of social information - empirical 
research has shown that receivers of alarm signals in primates (Cheney and Seyfarth, 1988; 
Ramakrishnan and Coss, 2000) and squirrels (Blumstein and Daniel, 2004; Blumstein et al., 2004; 
Hanson and Coss, 2001; Hare and Atkins, 2001) are able to assess caller reliability by associating 
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an individual’s identity with that individual`s past performances (e.g. the ability to discriminate 
between dangerous and non-dangerous threats and produce alarm calls accordingly). In these 
studies receivers differentiate between reliable and unreliable callers and adjust their response 
accordingly (Blumstein and Daniel, 2004; Blumstein et al., 2004; Cheney and Seyfarth, 1988; 
Hanson and Coss, 2001; Hare and Atkins, 2001; Ramakrishnan and Coss, 2000), therefore 
lowering the potential costs of social information.  
Sentinel behaviour is a form of coordinated vigilance behaviour, where mostly one 
individual scans the surroundings while the rest of the group is involved in other activities, mainly 
food acquisition (Bell et al., 2009; Clutton-Brock et al., 1999b; Manser, 1999; Wright et al., 2001a). 
By emitting sentinel calls, sentinels can provide the rest of the group with valuable, acoustic 
information about the presence of a sentinel guard (Bell et al., 2009; Hollen et al., 2008a; Manser, 
1999), the identity of the sentinel (Manser, 1999) or the current, perceived predation risk (Bell et 
al., 2009; Rauber and Manser, 2017). Work on dwarf mongoose (Helogale parvula) (Kern et al., 
2016) and pied babblers (Turdoides bicolor) (Radford et al., 2009) has shown that receivers 
discriminate between the quality (accuracy and relevance) of social information provided by 
different individuals and that the dominance status (Kern et al., 2016) , age (Kern et al., 2016), 
group affiliation (Kern and Radford, 2017) or perch height (Radford et al., 2009) of the sentinels 
affect the extent to which other individuals rely on social information from them. However, 
previous studies have not been able to distinguish between the effects of variation in the signaller’s age, dominance status and experience in understanding the decisions individuals make 
when to use social versus personal information. 
In meerkats (Suricata suricatta) an animal`s frequency of sentinel behaviour is not 
correlated with age, dominance status or group affiliation (Clutton-Brock et al., 2002), making 
them an ideal study species to determine the importance of these individual characteristics on the 
use of social information by other group members. Meerkats are small mongooses, which are 
naturally occurring in semi-desert areas of southern Africa. They are cooperative breeders, living 
in stable groups from three to 50 individuals, each group consisting of one dominant breeding 
pair and helpers (Clutton-Brock et al., 1999a) (for details about dominance hierarchies and 
differences in the behaviour depending on social status within groups see (Clutton-Brock et al., 
1998b; Thavarajah et al., 2014)). This social system results in groups consisting mostly of full 
siblings (littermates) and half siblings. When foraging, meerkats mainly dig holes in the sand in 
search for insects and small vertebrates (Doolan and Macdonald, 1996), which prevents them 
from scanning their surroundings for predators. To minimize predation risk for the whole group, 
meerkats evolved an elaborate sentinel system with distinct sentinel calls (Manser, 1999). 
Sentinel calls have been shown to contain information about the caller`s identity, as well as the 
sentinel`s perceived risk levels (Manser, 1999; Rauber and Manser, 2017). Sentinel calming calls, 
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in particular, act as ‘all-clear’ signal eliciting an increase in foraging behaviour and a decrease in 
vigilance in other group members (Rauber and Manser, 2017).  
In this study we investigated whether foraging meerkats differentiate between calming 
calls from different sentinels in their group and adjust their own vigilance behaviour accordingly. 
Specifically, we tested whether the dominance status, age, sex, sentinel frequency during the 
previous three months (as a proxy for experience), call rate (during sentinel behaviour) or 
whether the sentinel individual was a littermate (full sibling) of the test subject predicted the 
extent to which receivers responded to the sentinel’s calls by decreasing their level of vigilance. 
As a consequence of the large variation in relative contribution to sentinel behaviour among 
individuals of the same group (mean = 8.3%, range = 1%- 53%; unpublished data) based on sex 
(Clutton-Brock et al., 1999b; Clutton-Brock et al., 2002), dominance status (Clutton-Brock et al., 
1999b) and daily weight gain (Clutton-Brock et al., 2002) and since sentinel calming calls are 
individually distinctive (Manser, 1999), we expect that foraging group members would 
discriminate between social information of different sentinels and therefore show according 
differences in their personal vigilance levels. In particular, we expected the vigilance levels of 
foraging group members to be reduced to a greater extent when they heard sentinel calls given by 
individuals that most often contributed to sentinel behaviour in a group (thereafter termed ‘super guards’) than when they heard calls given by individuals that less frequently (‘common guards’) or rarely (‘rare guards’) acted as sentinels.  
 
RESULTS 
Playing back sentinel calming calls given by different individuals to foraging test subjects in the same group revealed significant differences in the subjects’ vigilance levels depending on the 
identity of the sentinel (LRT: df = 65, χ2  = 10.12, p = 0.001). In particular, the frequency with which 
the caller contributed to sentinel behaviour during the previous three months and whether the 
test subject was a littermate of the sentinel significantly affected vigilance levels (Table 1, Fig.1). 
Foraging test subjects spent the least time being vigilant, about 2.1%, when played the calming 
calls of the most frequent sentinels, the super guards, compared to calming calls of the common 
sentinels (3.2%; LMM: est = -0.025, se = 0.012, p = 0.070; Fig.2) or rare sentinels (5.1%; post hoc 
multiple comparison: LMM: est = -0.051, se = 0.018, p < 0.001; Fig.2). Calming calls from common 
sentinels elicited less vigilance behaviour than calming calls from rare sentinel guards (LMM: est 




 We also found lower vigilance levels in test subjects in response to sentinel calming calls 
of littermates compared to playbacks of group members from different litters (LMM: est = -0.03, 
se = 0.01, p = 0.018; Table 1, Fig.2). In addition, we observed a tendency for decreased levels of 
vigilance with an increase in call rate of the sentinel (LMM: est = -0.002, se = 0.0009, p = 0.052). 
Dominance status, age class and sex, however, had no effect on the proportion of vigilance 
behaviour shown by the test subjects (Table 1, Fig.2).  
 
Table 1: LRT showing which sentinel variables affected the proportion of vigilance shown by 
foraging test subjects. 
Variable DF χ2 value p-value 
Sentinel 
Frequency 
2 12.18 0.002 
Littermates 1 5.55 0.018 
Call Rate 1 3.78 0.052 
Sex 1 2.64 0.125 
Dominance Status 1 1.45 0.228 
Age Category 2 0.48 0.786 
 
 
Figure1. Influence of sentinel frequency and whether the sentinel is a littermate (full sibling) of 
the test subject on vigilance levels. Proportion of vigilance in foraging test subjects in response to played back sentinel calming calls depending on a) a sentinel’s frequency, and b) whether the 




Figure 2. Influence of sentinel frequency, age category and whether the sentinel is a littermate 
(full sibling) of the test subject on vigilance levels. Model estimates of the different vigilance levels 
(square root transformed data) based on sentinel frequency and whether the test subject was a 




Our study on meerkats shows that foraging group members discriminate between the calming 
calls of different sentinel individuals and adjust their personal vigilance behaviour accordingly. In 
particular, we found that foraging test subjects showed the lowest personal vigilance when 
hearing social information of individuals that acted as sentinel most often, and littermates. 
Dominance status, sex and age, however, did not have a significant influence on the observed 
vigilance levels. 
The 50% reduction in vigilance levels between super and rare sentinels might indicate a 
shift from using social information towards personal information with decreasing experience of 
the caller. A more frequent sentinel individual might be better at assessing the current risk or the 
level of urgency coming from different types of threats. A likely explanation is that these 
individuals might be perceived to be more reliable, as they might have produced reliable signals 
in past predator encounters; however, this needs to be tested experimentally (for example with 
predator presentations coupled with playbacks). This would be in line with studies on yellow-
bellied marmots (Marmota flaviventris) where the vocalisations of reliable alarm callers elicited 
the largest reduction in vigilance levels (Blumstein and Daniel, 2004) as well as studies on the 
dwarf mongoose that highlight the importance of reliability assessment of calls from different 
signallers in the context of sentinel behaviour (Kern and Radford, 2013; Kern and Radford, 2017; 
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Kern et al., 2016). However, whereas previous studies were unable to disentangle the effect of age, 
dominance status and experience on discrimination among signallers, our study shows that the 
frequency with which an individual has acted as sentinel in the recent past (experience), predicted 
the extent to which receivers use social information provided by that individual. This emphasises 
the importance to disentangle the roles of the relevant life-history traits, such as age and 
dominance status, from potentially correlated factors such as experience of the signaller in 
understanding the decisions individuals make when to use social versus personal information. 
  Our results imply that there must be some mechanism wherein meerkats can keep track 
of an individual’s contribution to cooperative vigilance behaviour, and thus, a sentinel’s 
experience levels. Association between sentinel calls of different signallers with these individuals’ 
sentinel frequency might act as simple mechanism to keep track of other group members’ 
contribution to sentinel behaviour. If littermates spend more time together, thus are closer in 
terms of social proximity, this could also explain why individuals showed less vigilance behaviour 
when they heard littermates compared to the rest of the group. Recent work on wild 
baboons (Papio ursinus) demonstrates the importance of social network parameters, such as the 
strength of social bonds, in explaining variation in the use of social information among individuals 
(Carter et al., 2016). Alternatively, relatedness could affect the use of social information. 
Littermates are full siblings while some of the other group members are half-siblings and very few 
individuals are non-related immigrants, raising the possibility that information provided by 
littermates (i.e. full siblings) might be valued differently than information from other group 
members. However, this needs to be tested further and future studies could apply a social network 
approach to test the influence of social and/or spatial proximity on personal vigilance 
levels. Lastly, foraging meerkats tended to be less vigilant when sentinel calming calls of 
individuals with higher call rates were played back. A likely explanation is that during longer 
silence intervals between calls individuals are more likely to gain their own information about the 
location of the sentinel guard as well as the current predation risk.  
Together with previous work showing that meerkats do not discriminate between 
different alarm callers in their response to higher urgency aerial alarm calls (Schibler and Manser, 
2007), our study highlights that discrimination among individuals based on vocal signals is highly 
call type and hence call function dependent. Both call types, alarm calls and sentinel calls, are 
typically produced by the individual on sentinel guard, with sentinel calls relating to the perceived 
predation risk (Rauber and Manser, 2017) and alarm calls, in case of a detected predator, to 
predator type and urgency level (Manser, 2001; Manser et al., 2001). While it has been argued that 
alarm calls are too costly to ignore (Schibler and Manser, 2007), sentinel calming calls provide 
more flexibility in the response of the receivers. Here the costs of a wrong assessment are not as 
severe as when ignoring an alarm call, but still high enough for natural selection to favour 
receivers which maximise their foraging intake by discriminating between different caller`s 
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quality of social information and adjust their vigilance behaviour accordingly. Our study suggests 
that the urgency of a correct response predicts whether receivers trade-off the accuracy and 
relevance of their own versus social information and leads to behavioural adjustment of the 
receivers. 
Across a wide range of species of fish (van Bergen et al., 2004), birds (Magrath et al., 2009), 
and mammals (Blumstein et al., 2004; Kern and Radford, 2017; Kern et al., 2016), group living 
animals constantly assess the accuracy and relevance of social information and consequently shift 
their own behaviour between relying on social information and obtaining personal information. 
Other studies established that the signaller’s individuality (Blumstein et al., 2004), age class (for 
example (Blumstein and Daniel, 2004; Gouzoules et al., 1996; Hanson and Coss, 2001; Nakano et 
al., 2013), dominance status (Kern et al., 2016) or group affiliation (Kern and Radford, 2017) are 
key factors assessing the reliability of social information by the receivers. Our study demonstrates 
the adjustment of personal vigilance behaviour by receivers dependent on the experience of the 
signaller, which may also represent the assessment of reliability of sentinels. Hence, depending 
on the context, discrimination among individuals might be based on different attributes of the 
signaller, allowing other group members to flexibly maximise acquisition of the highest quality 
information, be that social or personal information. Based on our results that age or dominance status are not necessarily an accurate proxy for the information value of an individual’s signal, we 
emphasize the need in future studies to disentangle these factors from experience whenever 
possible. Our study demonstrates how social information can be flexibly used to optimize the 




Study site and population 
This study was carried out between March and June 2016 and March and May 2017 at the Kalahari 
Meerkat Project, Kuruman River Reserve in the southern Kalahari Desert, South Africa. The study 
site has a semi-arid climate and is characterised by perennial grasses, shrubs and trees as main 
vegetation (for more information about habitat and climate at the study site see (Clutton-Brock et 
al., 1999a; Doolan and Macdonald, 1996; Russell et al., 2002). All meerkat groups used in this study 
were habituated to close human observations and to the sound recording and playback 
equipment, allowing to conduct the recordings within a distance of 0.2-1m from the calling 
meerkat. All necessary information about individual identity, age, dominance status and sentinel 
frequency (number of events when the individual acted as sentinel) was collected as part of the 
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long-term data collection of the Kalahari Meerkat Project. We used nine groups that ranged in 
total group size from three to 23 individuals per group for the playback experiments (mean group 
size ±sd = 10.28 ±4.77). According to their frequency of exhibiting sentinel behaviour, our proxy 
for sentinel experience, we assigned all individuals of the same group relative to each other into 
three categories: rare (below average group contribution), common (above average group 
contribution) and super guards (>50% than the second most frequent sentinel in a group). As the 
frequency with which an individual acts as sentinel is likely to change over longer periods of time, 
we based this categorisation on an individual`s sentinel frequency over a range of three months 
prior to the playbacks. This time span of three month was chosen because nutritional and 
reproductive state affects an individual`s probability to go on sentinel guard (Clutton-Brock et al., 
1999b; Clutton-Brock et al., 2002) and thus should be rather consistent during this time interval. 
Duration of the sentinel bouts did not differ between the three different sentinel categories 
(ANOVA: df = 2, F = 1.12, p = 0.34). 
 
Acoustic recordings 
We recorded sentinel vocalisations from 66 different individuals (3 to 14 individuals / group) 
produced during natural sentinel bouts no more than three months prior to the playbacks using a 
Sennheiser directional microphone (ME66/K6) connected to a Marantz PMD-670 solid-state 
recorder (Marantz Japan Inc.). Whenever the sentinel was calling from a tree or any other position 
difficult to access, the microphone was fixed on a telescope pole in order to keep the recording 
distance at less than 0.5 meters and thereby maintaining a high signal-to-background ratio. From 
these recordings we created spectrograms in Adobe Audition CC (2015.0 Release) to assign each 
call to one of the six sentinel call categories described by Manser (1999). Previous work on 
meerkat sentinel calls showed that visual inspection of the spectrograms enables for accurate 
assignment of the different sentinel call types (Collier et al., 2017). Playback files consisted of 
sentinel calming calls and background noise that were cut out from natural recordings and pasted 
into a new sound file using Cool Edit Pro software (Syntrillium Software Corporation). Only 
sentinel calming calls, i.e. “single note” and “double note” sentinel calls, were used for the 
playbacks, as these calls were shown to have an “all-clear” function and typically lead to a decrease 
in vigilance and an increase in foraging behaviour in receivers (Rauber and Manser, 2017). The 
call rate of these calming calls within the playback was kept the same for all playbacks of the same 
individual as during the natural recordings (mean call rate ± sd of all individuals: 13.41±6.22 
calls/min, range: 4-34 calls/minute). Natural variation in call rate among individuals allowed us 
to test if call rate itself affects vigilance levels rather than the individual identity. The use of 
individual call rates for each played back sentinel (calculated by averaging the call rates of three 
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to five recordings of natural sentinel events) simulates the presence of a specific sentinel as 
naturally as possible and therefore avoiding any vigilance response by the receivers due to 
unnatural conditions. There was no significant difference in the call rates of individuals from the 
three different sentinel frequency categories (ANOVA: df = 2, F = 1.48, p = 0.23) or littermates 
versus non-littermates (ANOVA: df = 1, F = 0.057, p = 0.81). Each playback file consisted of calls 




To play back the sentinel calming calls, we used an iHome rechargeable mini speaker (iHM79SC), 
which was kept at 1m height, representing the average location height of an individual on sentinel. Amplitude of each playback was “by ear” adjusted to natural weather and wind conditions of 
naturally occurring sentinel calls and thus changed according to environmental conditions. Over 
both seasons a total of 544 playbacks were conducted to single foraging test subjects at a time. In 
groups where we were able to record all individuals in order to compile sentinel playbacks, every 
individual`s sentinel calming calls were played back to each group member (test subject). 
Whenever this was not possible because we did not get any or not enough sentinel recordings from some individuals in the group (hereafter called “non-guarders”), we ensured that these “non-guarders” were also used as test subjects for the playbacks to avoid any biases in the 
responsiveness. Moreover, when the group was too big (>10 individuals older than 6 months) to 
test every group member, we always chose at least one “guard” and one “non-guard” per age class, 
including one male and one female for mixed sexed litters to account for differences in 
responsiveness between different age classes and sexes. This resulted in a total sample size of 544 
playbacks from n = 66 sentinel individuals conducted on 112 foraging test subjects (n = 66 “guards” and 46 “non-guarders”). To avoid habituation to a specific track of an individual to 
several test subjects in the same group, we repeated it three times at most over a time period of 
3-3.5 hours. To keep external effects minimal, we always played 3-4 different playback tracks to 
the same individual and then switched to another test subject. Therefore, the time interval 
between playing the same playback track was at least 30 minutes. 
Playbacks were only conducted during morning foraging session and were only started 
when no predator was in sight, the majority of the group was continuously foraging for at least 10 
minutes and at the same time no natural sentinel was up (to avoid any interferences with other 
sentinel calls). In case of an approaching predator or one group member going on sentinel guard, 
the playbacks were paused and only resumed when the previously mentioned conditions were 
met for at least five minutes. To get a natural amount of exposure to sentinel calls the natural 
frequency of sentinel behaviour has been calculated based on data from the same nine groups 
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during March to June during three previous years. The average time a group has a sentinel on 
guard is around 71 minutes during a 180 minutes observation session (mean± sd = 71.25± 49.74).  
Therefore, it was possible to conduct up to fourteen five-minute playbacks (mean number of 
experiments ± sd = 8.6±3.6) in one morning foraging session lasting typically 3-3.5 hours, 
ensuring a natural exposure to sentinel calming calls (groups were visited once a week at most to 
avoid habituation to experiments). 
 
Behavioural observations 
Simultaneously to the five minutes of the playback experiments behavioural observations of the 
test subjects were continuously recorded using the behaviour-tracking program Cybertracker 
(Cybertracker Conservation Version 3.479) installed on an Acer tablet (IconiaOne 7 B1-750). 
From these behavioural observations we calculated the proportion of vigilance behaviour 
(quadruped and bipedal scanning of the surroundings) by the subject during the five minutes of 
the playbacks (total seconds of vigilance behaviour / 300 seconds). 
 
Statistical analysis 
All statistical analyses were done using R v 2.1 (R foundation for statistical computing). We fitted 
a linear mixed effects model (LMM) to test the relationship between the proportion of vigilance 
behaviour during the playbacks and the variables of interest. Sentinel individual nested within 
group, test subject nested within group, as well as date nested in year were used as random effects. 
To see which characteristics of a sentinel individual affect vigilance levels of the receivers, we used 
dominance status, age, sex, previous sentinel frequency (as a proxy for experience), call rate and 
whether the test subject was a littermate of the sentinel as fixed effects. All LMM were run using 
the lme4 package (Bates et al., 2014). To determine whether the fixed effects had any significant 
effect on the response variable, we used likelihood ratio tests (LRT) to compare whether the 
model with the fixed effect included differed significantly from the same model with the fixed 
effect excluded (Crawley, 2012). We tested for any interactions between sentinel frequency and 
sex, age category and dominance status but removed them again because of non-significance. 
Normality of the data was determined by examining diagnostic plots. The response variable was 
square root transformed to normalise the residuals in order to meet the assumption of the LMM. 
LmerTest package was used for contrasts within the model, whereas multiple comparison tests 
with manually set contrasts were used to compare the different categories not specified by the 
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Animals living in social groups evolved a variety of cooperative behaviours, such as cooperative 
rearing of young (Stacey and Koenig, 1990), cooperative hunting (Holekamp et al., 1997; Kruuk, 
1972) or coordinated group defence (Birkhead, 1977; Kruuk, 1964). Although in many social 
vertebrate species, all adult group members contribute to these cooperative behaviours, the 
extent to which each group member contributes to different cooperative activities varies greatly. 
In my thesis I focused on cooperative sentinel behaviour in meerkats (Suricata suricatta), a 
coordinated vigilance behaviour where one individual interrupts foraging in order to climb on an 
elevated position and scans the surrounding for predators, while the rest of the group is foraging 
(Clutton-Brock et al., 1999b). Sentinel behaviour represents a combination of costly aspects, 
mainly foregoing foraging, as well as beneficial aspects such as adopting a safe position or 
potential reputational aspects, which are not fully clear yet. Moreover, meerkat sentinels produce 
six distinct sentinel call types, but little is known about the underlying reason for this 
comparatively large sentinel call repertoire, the information conveyed therein and the use of this 
information by group members. Combining both aspects together, individual variation in sentinel 
behaviour as well as its vocal coordination, I aimed to improve our understanding of how social 
and environmental factors promote or constrain this cooperative behaviour and how they affect 
the extent and mechanisms underlying its vocal coordination. 
 
Summary of Findings 
Comparing monthly contributions within and between individuals, groups and populations using 
a large data set over 20 years confirmed previous findings in meerkats that the amount of sentinel 
behaviour an individual displayed was highly dependent on condition and predation risk (Chapter 
1). In line with these results, I found that during a drought, which is an extreme environmental 
condition with very low food availability, the contribution to sentinel behaviour decreased 
significantly, especially in young individuals, small groups and groups with dependent young 
(Chapter 2). Focusing on the vocal coordination between sentinels and the rest of the group 
demonstrated that young meerkats produced all six types of sentinel calls when they first start to 
act as sentinels at about 200 days of age. This effect was mediated by group size with subadults in 
smaller groups acting as sentinels earlier than in larger groups. Call rates of the six sentinel call 
types, as well as acoustic properties of the commonly emitted double note calls showed little 
change with increasing age and experience. Furthermore, individual distinctiveness was already 
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developed when they first started to act as sentinels and stayed constant over subsequent months 
(Chapter 3). Analysing whole sequences of sentinel calls produced during sentinel bouts revealed 
that sentinel call types were produced in a graded way depending on the current perceived 
predation risk and contained information about the identity of the caller (Chapter 4). Testing 
whether the conveyed information about sentinel identity in calming sentinel calls was 
meaningful for the receivers resulted in clear discrimination among signallers, whereby foraging 
group members decreased their vigilance most in response to calming calls produced by the most 
experienced sentinels and littermates (Chapter 5). Additional to the information about current 
risk and caller identity, ecological condition, specifically drought condition, resulted in a flexible 
adjustment of the behavioural response of foraging group members. Warning calls resulted in the 
same response during drought as during normal years, likely as it may be too costly to ignore 
them, whereas receivers responded stronger to sentinel calming calls and close calls during a 
drought condition (Chapter 2).  
 
Social and Ecological Influences on Contribution to Sentinel Behaviour 
Variation in the contribution to cooperative behaviour is likely explained by varying costs and 
benefits for each individual and differs between the type of cooperation. Supporting the ‘state 
dependency hypothesis’ (Bednekoff, 1997), our results suggest that the current physiological 
condition plays a key role explaining the amount of sentinel behaviour shown by different 
individuals, whereby individuals mainly contribute when they are temporarily satiated (Chapter 
1, Bednekoff, 2001; Clutton-Brock et al., 1999b; Wright et al., 2001b). Besides physiological 
condition, we also demonstrated that in areas of high predation risk, sentinel behaviour is 
generally increased. Thus, we argue that individual contribution to sentinel behaviour is highly 
constrained by the trade-off between the costs of foregoing foraging and the costs of predation. 
Any factor influencing this trade-off affects the contribution to sentinel behaviour accordingly. For 
example, when individuals show other costly behaviours, such as inter-group encounters or 
prospecting behaviour in males, which are associated with an increase in stress-levels and a 
decrease in time allocated to foraging (Young et al., 2005; Young et al., 2006), they decrease their 
contribution to sentinel behaviour accordingly. 
Besides the direct benefit of adopting the safest position by being able to spot predators 
and reach cover first (Clutton-Brock et al., 1999b; Manser, 1999), we found no evidence that 
sentinel behaviour might be associated with information gathering and consequently an 
immediate gain to prospecting behaviour in males (Clutton-Brock et al., 2002). However, there 
might be some benefit of social monitoring within same-sexed littermates, in particular in females 
(Chapter 1), which are the more competitive sex in meerkats due to their philopatry (Clutton-
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Brock et al., 1998a). Therefore, I suggest further research to investigate the role of social vigilance 
or reputational aspects in the context of sentinel behaviour in more detail (Dattner et al., 2015; 
Zahavi, 1990; Zahavi and Zahavi, 1999). It would be valuable to test if an increase in contribution 
to sentinel behaviour in same-aged females is related to other behavioural aspects related to 
competition, such as dominance assertions (Thavarajah et al., 2014). Although overall no rotation 
pattern in sentinel behaviour has been found (Manser, 1999), an additional analysis of the 
temporal distribution of sentinel bouts, i.e. the relative order of acting as a sentinel as well as 
duration of sentinel bouts and interbout intervals  displayed specifically by same-aged individuals 
might further strengthen the hypothesised role of social display in sentinel behaviour in meerkats.  
Understanding the cost benefit trade-offs underlying each group members contribution to 
sentinel behaviour and cooperative behaviours in general allows us to subsequently comprehend 
the total amount of cooperation we see on the group level. However, cooperative behaviours 
within social groups are typically not performed in isolation, i.e. entirely based on individuals cost 
benefit ratios, but rather are coordinated among group members. Thus, what one group member 
does will consequently influence other group members’ behaviour. Sentinel behaviour is highly 
coordinated and even in very large groups, there is rarely more than one individual on guard 
simultaneously, and in cases when a second sentinel goes on guard, the first one often quits its 
guard and resumes foraging shortly after (Clutton-Brock et al., 1999b; Manser, 1999). While there 
is no evidence that meerkats compete to be sentinel, in some avian species the dominant males 
have been shown to frequently interrupt other individuals’ sentinel bouts (Dattner et al., 2015; 
Zahavi, 1990). Therefore, it is important to acknowledge that even though many cooperative 
behaviours are based on individual specific trade-offs, living in a group also means that other 
group members decisions and actions affect cooperative activities of the whole group. 
The onset of acting as a sentinel around 200 days of age corresponds to when they start 
producing predator specific alarm calls (Hollen and Manser, 2007) and contributing to other 
cooperative behaviours (Chapter 3). Due to condition-dependent contributions to sentinel 
behaviour, (Chapter 1, Bednekoff, 2001; Clutton-Brock et al., 1999b; Wright et al., 2001b),  it is 
possible that individuals younger than 6 months are not skilled enough foragers to spend energy 
for somatic growth and act as sentinels. On average, the first cooperative behaviour to appear in 
the behavioural repertoire was pup feeding, followed by sentinel guarding and lastly babysitting 
(Chapter 3). Although the onsets of these behaviours are very close, it is possible that it reflects 
the relative costs of the different cooperative behaviours seen in meerkats. Pup feeding is 
supposed to be of little cost, as individuals only give away food when condition allows it and the 
cost of a foregone food item is relatively low. Babysitting, conversely, is associated with prolonged 
times of foregoing foraging, potentially the whole day. Sentinel behaviours falls somewhere in 
between, where individuals interrupt foraging for a little while, if condition allows it, while at the 
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same time occupying the safest position in the group. Alternatively, the simultaneous onset of 
sentinel behaviour with the other two cooperative behaviours, despite having the direct benefit 
of occupying the safest position, may be related to cognitive aspects and the need to establish the 
required associations to specific ecological stimuli first.  
Social environment, in particular group size, which generally influences the extent of 
cooperation shown by individuals (Clutton-Brock et al., 2001b; Clutton-Brock et al., 1999b), also 
affects the ontogenetic development of sentinel behaviour. In small groups, where individuals 
have to contribute more than in larger groups, young meerkats started to go on guard earlier 
compared to young in larger groups. In smaller groups, the time periods, which were not covered 
by a sentinel were longer compared to larger groups (Clutton-Brock et al., 1999b). This may affect 
each group members perceived risk, resulting in an increased contribution to sentinel behaviour 
even when condition is worse than for same-aged individuals in larger group (Chapter 1). Future 
research could test this and investigate if individuals from smaller groups are lighter than 
individuals from larger groups when they start to act as sentinels. Additionally, comparing this 
result to findings from the park, where predation risk was higher, would give further insights into 
the influence of perceived risk on the ontogeny of sentinel behaviour. 
The analysis of sentinel behaviour during a drought period supports our findings of the 
condition dependence of sentinel behaviour (Chapter 2). The influence of condition can thus be 
seen on a short temporal scale – from one month to the next – as well as in longer-term 
contributions associated with certain climatic conditions. The large influence of body condition 
on sentinel behaviour (Chapter 1, Bednekoff, 2001; Clutton-Brock et al., 1999b; Wright et al., 
2001b) suggests that the increased cost of maintaining body condition during an extreme event 
directly reduces the time allocated to sentinel behaviour. The decrease in cooperative activities 
during extreme environmental conditions has been found in other cooperative breeders, where 
provisioning of young was reduced during unusually hot days (Wiley and Ridley, 2016). The global 
distribution of cooperative breeders indicates that cooperative breeding evolved as a strategy 
which allows animals to inhabit habitats with high variation in rainfall and temperature (Arnold 
and Owens, 1999; Komdeur, 1992; Rubenstein, 2011; Stacey and Koenig, 1990). However, these 
results provide some evidence that that there might be a threshold beyond which individuals are 
so constrained by their need to maintain their condition that cooperative behaviours become too 




Vocal Coordination of Sentinel Behaviour 
a) Call type production: ontogeny, order of call types and individual signature 
Vocal coordination in the context of sentinel behaviour has been shown to play a crucial role in a 
variety of species, though the communication systems differ substantially. Different to other 
sentinel call systems described in birds and mongooses, which use a single call to advertise them 
acting as guard (Hollen et al., 2011a; Kern and Radford, 2013; Rasa, 1986), meerkat sentinels 
produce long sequences of calls combining six different call types. These call types were produced 
in a graded way from single note, double note, tripe note, multiple note, di-drrr, wheek and alarm 
calls, and appeared to relate to the increase of perceived predation risk (Chapter 4). Analysing 
sequence similarity within and between individuals and groups demonstrated that the short note 
calls, but not sentinel warning or alarm calls, displayed high within individual consistency. 
Many animals combine multiple acoustic units into larger, meaningful sequences 
(Kershenbaum et al., 2016). While songs produced by birds and marine mammals are composed 
of a large variety of meaningless vocal units (Darolová et al., 2012; Holveck et al., 2008), vocal 
sequences composed of meaningful units typically only consist of a combination of two different 
call types (Berthet et al., 2019; Engesser et al., 2019; reviewed in Engesser and Townsend, 2019). 
Thus, vocal sequences of meerkat sentinels present a novel type of combinatoriality underlying 
sentinel sequences, which neither fits the definition of animal songs nor the typical combinations 
of meaningful units described in other animals so far (Chapter 4). We established a gradation 
pattern that includes not only structurally similar units, as seen in previous studies (Courter and 
Ritchison, 2010; Templeton et al., 2005), but rather contains acoustically distinct short note calls, 
sentinel warning calls and the functionally referential alarm calls. Thus, we demonstrate a 
gradation pattern composed of structurally diverse, but functionally related call types, whereby 
no intermediate call types between short notes and warning calls are known. In addition, the 
individually distinct call pattern over the whole sentinel sequence is not related to the meaning of 
the call types but reflected in the order of the short note calls.  
In contrast to the small amount of ontogenetic change in vocal production of sentinel calls 
once young meerkats started to act as sentinels (Chapter 3), the analysis of sequence similarity of 
the whole sentinel sequence indicated that subadults have not yet developed an individual 
signature in their sequence patterns (Chapter 4). This might be related to the demonstrated 
increase in single note calls with increasing experience. Single note calls, together with double 
note calls, make up the majority of sentinel calls produced during a bout (Manser, 1999). 
Increasing experience in assessing the current risk may result in more stable call patterns, thus 
resulting in vocal sequences containing individual signatures. Therefore, the variation found in 
sentinel sequences might be a consequence of differences in arousal states and changes thereof 
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between different signallers, thus reflecting the emotional state of the signaller (Briefer, 2012; 
Marler et al., 1992). Alternatively, it is possible that young individuals develop their individual 
sequence patterning relative to the sequence patterns produced by adult group members in their 
group and thus the soundscape they experience in the first couple months when they start acting 
as sentinels. This could result in group differences and potential traditions over time, as shown 
for other behaviour in meerkats (Thornton et al., 2010). Further research focusing on the 
consistency of individual sentinel sequence within groups over multiple years, and also when 
males immigrate into a new group, will give further insight into the mechanisms underlying the 
individual signatures of whole sentinel sequences. 
 
b) Social information use: response to sentinel calls by foraging group members 
Meerkat sentinels produce a highly variable signal containing information about the current 
perceived risk of the calling individual, as well as information about the identity of the signaller 
(Chapter 4). Previous work demonstrated that foraging group members adjust their behaviour 
dependent on the different types of sentinel calls and the information about the perceived risk 
conveyed therein (Rauber and Manser, 2017). Here, we also show that information about the 
identity of the caller influences foraging group members behavioural response to sentinel calming 
calls (Chapter 5). This confirms that the acoustic variation, at least in the tested sentinel calming 
calls, is meaningful for the receivers of the signal and is used to assess the quality and relevance 
of the provided information, similar to studies in reliability assessment of vocal signals (Blumstein 
et al., 2004; Cheney and Seyfarth, 1988; Hare and Atkins, 2001). However, further research is 
needed to test if the ordering of call types and the individual signatures found in whole sentinel 
sequences (Chapter 4) is also meaningful for the receivers. Playback experiments, where both the 
order of sequences as well as the acoustic individual signature of the calls are manipulated, and 
the behavioural response is compared to unmanipulated control sequences would allow to 
identify which parameters are used by the receivers. 
While relying on information provided by the most experienced individuals seems 
beneficial, the decrease of personal vigilance in response to sentinel calming calls produced by 
littermates is less intuitive. The fact that we found an effect of littermates in the likelihood to act 
as sentinel (Chapter 1) and in the response of the receivers to sentinel calls may suggest that 
littermates are constantly aware of each other. Littermates are very competitive resulting in the 
adjustment of their growth rates to each other (Huchard et al., 2016) and the establishment of 
dominance relationships, whereby  age and weight correlated with rank (Thavarajah et al., 2014). 
Thus, sentinel behaviour might include social vigilance, where same-aged and potentially same-
sexed individuals keep track of each other. However, given the key role of weight in dominance 
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establishment among same-aged individuals (Thavarajah et al., 2014), we would expect these 
females to reduce their contribution to sentinel behaviour in order to maximise time allocated to 
foraging. Further research is needed to explore if and how contribution to sentinel behaviour 
influences the interactions between littermates and the potential consequences for dominance 
acquisition, eviction or dispersal later in life. 
Discrimination among signallers emphasises the flexibility of the receivers to adjust their 
own behavioural response to calls not only based on the information conveyed therein, but also 
depending on social context and hence on the assessment of the signal quality (Chapter 5). Besides 
social context, also ecological conditions, in particular, drought, affected the behavioural response 
towards sentinel calls (Chapter 2). During all-clear situations meerkats maximised time allocated 
to foraging, while at the same time still responding strongly to calls related to an increase in 
perceived risk levels. The fact that meerkats were more vigilant during the drought when they 
heard background noise may indicate that, due to the decrease in cooperative vigilance behaviour, 
individuals experience higher levels of uncertainty in perceived predation risk and thus invest 
more time into personal vigilance behaviour. The adjustment of the behavioural response to 
sentinel calls during a drought condition (Chapter 2) and depending on characteristics related to 
the identity of the caller (Chapter 5) indicate that receivers carefully adjust their response to 
signals dependent on social and ecological context at the moment of hearing a vocal signal. 
 
Concluding Remarks 
To conclude, both aspects of cooperative sentinel behaviour, the variation in individual 
contribution as well as the fine-tuned vocal coordination, suggest strong underlying trade-offs 
between maximising foraging and avoiding predation. This is likely related to the harsh 
environmental conditions, where variation in rainfall and temperature is large and, more 
importantly, very unpredictable. Thus, it is in other similar systems where we would expect to 
also find overall high levels of (condition dependent) cooperation among group members as well as complex vocal communication, from both, the producers’ as well as the receivers’ perspectives.  
Comparing the meerkats to the closely related dwarf mongoose (Helogale parvula), which 
are also cooperative breeders and live in groups up to 30 individuals (Rasa, 1989), may further 
help to understand how ecological differences in habitat effect vocal communication. In contrast 
to the meerkats, which mainly occur in open and dry habitat, dwarf mongooses inhabit more 
vegetated areas. They both suffer predation from multiple aerial and terrestrial predators, 
resulting in alarm call systems including roughly the same number of alarm calls (meerkats:12, 
dwarf mongoose >14) (Manser et al., 2014). To reduce predation, both mongoose species evolved 
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a sentinel system, but while meerkats produce six distinct sentinel call types, which likely refer to 
perceived predation risk (Chapter 4), dwarf mongoose produce only one call type, whereby call 
rate contains information about the perceived risk (Kern and Radford, 2013; Rasa, 1986). Taking 
together all the results from this thesis, I hypothesise that dwarf mongooses, which occur in more 
vegetated habitats, might be less constraint in their daily food intake. Although they have the 
similar or even more complex alarm system, highlighting the need for adaptive escape behaviours, 
they might, in the absence of a predator, be less constraint by maximising their food intake. Thus, 
the harsh environment under which meerkats evolved may have driven the evolution of this 
outstanding complexity in number of sentinel call types as well as production patterns, which 
contain information about slight changes in perceived risk as well as potentially redundant 
information about the identity of the caller. 
In contrast, the pied babblers, Turdoides bicolor, are also cooperative breeders and co-
occur in the same habitat as the meerkats. They too forage on the ground (Radford and Ridley, 
2006), which restricts individuals’ ability to scan the surroundings for predators, resulting in the 
evolution of a sentinel system to coordinate vigilance on the group level (Hollen et al., 2008a; 
Radford and Ridley, 2007). While they act as sentinels, pied babblers produce a graded 
surveillance call, leading to behavioural adjustment of vigilance behaviour in other group 
members (Bell et al., 2009), resulting in enhanced foraging success (Hollen et al., 2008a) .While 
the babbler’s sentinel system seems similar to the one found in dwarf mongooses, they have been 
demonstrated to possess outstanding combinatorial abilities especially in the recruitment and 
mobbing contexts (Engesser et al., 2018; Engesser et al., 2016). These findings at least partly 
confirm the hypothesis that cooperative breeders inhabiting harsh and unpredictable 
environments evolved more complex acoustic coordination of cooperative behaviours than other 
species experiencing smaller environmental constraints.  
The results of my thesis emphasise the role of environmental constraints, mainly 
maximising foraging while avoiding predation, on the mechanisms responsible for the variation 
seen in contribution to cooperative sentinel behaviour among different individuals as well as on 
the vocal coordination of said behaviour. Comparison with cooperative breeders inhabiting less 
constraining environments, are likely to result in valuable insights for both understanding 
underlying costs and benefits of cooperation as well as the evolution of complex communication 
system. What happens to individual cooperative contributions if condition dependence is 
removed and which factors can then explain variation among individuals of the same or different 
social groups? Is it possible that when nutritional constraints are removed social influences 
become even more pronounced? There is the suggestion that cooperative breeding may have 
played a key role in the evolution of higher psychological changes in the primate linage leading to 
greater prosociality, which directly enhances performance in social cognition (Burkart et al., 
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2009; Hrdy, 2017; Snowdon, 2001), but further research is needed to test this. Furthermore, these 
comparisons are also likely to provide valuable insights into the evolution of vocal complexity. 
Can they use information encoded in long sequences, such as has been shown in primates (Berthet 
et al., 2019; Clay and Zuberbühler, 2011) and birds (Briefer et al., 2011; Darolová et al., 2012), or 
do they break the sequences down into smaller units when processing their information content? 
Does the ability to cognitively process sequences follow a phylogenetic pattern, or, alternatively, 
depends on a species ecological or social environment? Investigating in other systems which 
aspects of the vocal repertoire show more or less vocal complexity, i.e. foraging context, 
antipredator context or social context, is likely to give some insights into the underlying natural 
and social selection pressures. Ultimately, results from such comparisons produce valuable 
insights into the role of environmental constraints as well as social environment on the evolution 








Arnold KE, Owens IP, 1999. Cooperative breeding in birds: the role of ecology. Behavioral Ecology 
10:465-471. 
Axelrod R, 1984. The evolution of cooperation. Basic Books, New York. 
Axelrod R, Hamilton WD, 1981. The evolution of cooperation. Science 211:1390-1396. 
Balcombe JP, 1990. Vocal recognition of pups by mother Mexican free-tailed bats, Tadarida 
brasiliensis mexicana. Animal Behaviour 39:960-966. 
Balcombe JP, McCracken GF, 1992. Vocal recognition in Mexican free-tailed bats: do pups 
recognize mothers? Animal Behaviour 43:79-87. 
Barclay P, Reeve HK, 2012. The varying relationship between helping and individual quality. 
Behavioral Ecology 23:693-698. 
Bates D, Maechler M, Bolker B, Walker S, 2014. lme4: Linear mixed-effects models using Eigen and 
S4. R package version 1.1-7. 
Beauchamp G, Ruxton GD, 2007. False alarms and the evolution of antipredator vigilance. Animal 
Behaviour 74:1199-1206.  
Bednekoff PA, 1997. Mutualism among safe, selfish sentinels: A dynamic game. American 
Naturalist 150:373-392.  
Bednekoff PA, 2001. Coordination of safe, selfish sentinels based on mutual benefits. Annales 
Zoologici Fennici 38:5-14. 
Bednekoff PA, 2015. Sentinel Behavior: A Review and Prospectus. In: Naguib M, Brockmann HJ, 
Mitani JC, Simmons LW, Barrett L, Healy S, Slater PJB, editors. Advances in the Study of 
Behavior, Vol 47 San Diego: Elsevier Academic Press Inc. p. 115-145. 
Bednekoff PA, Woolfenden GE, 2003. Florida scrub-jays (Aphelocoma coerulescens) are sentinels 
more when well-fed (even with no kin nearby). Ethology 109:895-903. 
Bell MBV, Radford AN, Rose R, Wade HM, Ridley AR, 2009. The value of constant surveillance in a 
risky environment. Proceedings of the Royal Society B-Biological Sciences 276:2997-
3005.  
Bell MBV, Radford AN, Smith RA, Thompson AM, Ridley AR, 2010. Bargaining babblers: vocal 
negotiation of cooperative behaviour in a social bird. Proceedings of the Royal Society B-
Biological Sciences 277:3223-3228.  
Berg KS, Beissinger SR, Bradbury JW, 2013. Factors shaping the ontogeny of vocal signals in a wild 
parrot. Journal of Experimental Biology 216:338-345. 
132 
 
Bergmüller R, Schürch R, Hamilton IM, 2010. Evolutionary causes and consequences of consistent 
individual variation in cooperative behaviour. Philosophical Transactions of the Royal 
Society B: Biological Sciences 365:2751-2764. 
Berthet M, Mesbahi G, Pajot A, Cäsar C, Neumann C, Zuberbühler K, 2019. Titi monkeys combine 
alarm calls to create probabilistic meaning. Science Advances 5:eaav3991. 
Birkhead TR, 1977. The effect of habitat and density on breeding success in the common guillemot 
(Uria aalge). The Journal of Animal Ecology:751-764. 
Blumstein DT, 1999. Alarm calling in three species of marmots. Behaviour 136:731-757. 
Blumstein DT, 2007. The evolution, function, and meaning of marmot alarm communication. 
Advances in the Study of Behavior 37:371-401. 
Blumstein DT, Armitage KB, 1997. Alarm calling in yellow-bellied marmots .1. The meaning of 
situationally variable alarm calls. Animal Behaviour 53:143-171. 
Blumstein DT, Daniel JC, 2004. Yellow-bellied marmots discriminate between the alarm calls of 
individuals and are more responsive to calls from juveniles. Animal Behaviour 68:1257-
1265.  
Blumstein DT, Verneyre L, Daniel JC, 2004. Reliability and the adaptive utility of discrimination 
among alarm callers. Proceedings of the Royal Society B-Biological Sciences 271:1851-
1857.  Borg A, Sariyar M, Borg MA, RUnit S, RSQLite L, 2019. Package ‘RecordLinkage’. 
Botai CM, Botai JO, Dlamini LC, Zwane NS, Phaduli E, 2016. Characteristics of Droughts in South 
Africa: A Case Study of Free State and North West Provinces. Water 8. Bouchet H, Pellier AS, Blois‐Heulin C, Lemasson A, 2010. Sex differences in the vocal repertoire of adult red‐capped mangabeys (Cercocebus torquatus): a multi‐level acoustic analysis. 
American Journal of Primatology: Official Journal of the American Society of 
Primatologists 72:360-375. 
Boughman JW, 1997. Greater spear-nosed bats give group-distinctive calls. Behavioral Ecology 
and Sociobiology 40:61-70. 
Bradbury JW, Vehrencamp SL, 1998. Principles of animal communication. 
Briefer E, 2012. Vocal expression of emotions in mammals: mechanisms of production and 
evidence. Journal of Zoology 288:1-20. 
Briefer E, McElligott AG, 2011a. Indicators of age, body size and sex in goat kid calls revealed using 
the source–filter theory. Applied Animal Behaviour Science 133:175-185. 
Briefer E, McElligott AG, 2011b. Mutual mother–offspring vocal recognition in an ungulate hider 
species (Capra hircus). Animal Cognition 14:585-598. 
Briefer E, Rybak F, Aubin T, 2011. Microdialect and group signature in the song of the skylark 
Alauda arvensis. Bioacoustics 20:219-233. 
133 
 
Brumm H, Slater PJ, 2006. Ambient noise, motor fatigue, and serial redundancy in chaffinch song. 
Behavioral Ecology and Sociobiology 60:475-481. 
Burkart JM, Hrdy SB, Van Schaik CP, 2009. Cooperative breeding and human cognitive evolution. 
Evolutionary Anthropology: Issues, News, and Reviews: Issues, News, and Reviews 
18:175-186. 
Caro TM, 2005. Antipredator Defense in Birds and Mammals. Antipredator Defense in Birds and 
Mammals. 
Carter AJ, Tico MT, Cowlishaw G, 2016b. Sequential phenotypic constraints on social information 
use in wild baboons. Elife 5:e13125. 
Charlton BD, Reby D, McComb K, 2007. Female red deer prefer the roars of larger males. Biology 
Letters 3:382-385. 
Chatfield C, Lemon RE, 1970. Analysing sequences of behavioural events. Journal of Theoretical 
Biology 29:427-445. 
Cheney DL, Seyfarth RM, 1988. Assessment of meaning and the detection of unreliable signals by 
vervet monkeys. Animal Behaviour 36:477-486.  
Clark CW, Mangel M, 1984. Foraging and flocking strategies: information in an uncertain 
environment. American Naturalist 123:626-641. 
Clarke MF, 1984. Co-operative breeding by the Australian bell miner Manorina melanophrys 
Latham: a test of kin selection theory. Behavioral Ecology and Sociobiology 14:137-146. 
Clay Z, Zuberbühler K, 2009. Food-associated calling sequences in bonobos. Animal Behaviour 
77:1387-1396. 
Clay Z, Zuberbühler K, 2011. Bonobos extract meaning from call sequences. PLoS One 6:e18786. 
Cleveland J, Snowdon CT, 1982. The Complex Vocal Repertoire of the Adult Cotton‐top Tamarin 
(Saguinus oedipus oedipus) 1. Zeitschrift für Tierpsychologie 58:231-270. 
Clutton-Brock T, PNM B, Smith R, McIlrath G, Kansky R, Gaynor D, O'riain M, Skinner J, 1998a. 
Infanticide and expulsion of females in a cooperative mammal. Proceedings of the Royal 
Society of London B: Biological Sciences 265:2291-2295. 
Clutton-Brock TH, 2002. Breeding together: kin selection and mutualism in cooperative 
vertebrates. Science 296:69-72. 
Clutton-Brock TH, 2016. Mammal societies: John Wiley & Sons. 
Clutton-Brock TH, Albon SD, 1979. The roaring of red deer and the evolution of honest 
advertisement. Behaviour 69:145-170. 
Clutton-Brock TH, Brotherton P, O'Riain M, Griffin A, Gaynor D, Sharpe L, Kansky R, Manser MB, 
McIlrath G, 2000. Individual contributions to babysitting in a cooperative mongoose, 




Clutton-Brock TH, Brotherton PN, Russell A, O'riain M, Gaynor D, Kansky R, Griffin A, Manser M, 
Sharpe L, McIlrath GM, 2001a. Cooperation, control, and concession in meerkat groups. 
Science 291:478-481. 
Clutton-Brock TH, Brotherton PNM, O'Riain MJ, Griffin AS, Gaynor D, Kansky R, Sharpe L, McIlrath 
GM, 2001b. Contributions to cooperative rearing in meerkats. Animal Behaviour 61:705-
710.  
Clutton-Brock TH, Gaynor D, Kansky R, MacColl ADC, McIlrath G, Chadwick P, Brotherton PNM, 
O'Riain JM, Manser MB, Skinner JD, 1998b. Costs of cooperative behaviour in suricates 
(Suricata suricatta). Proceedings of the Royal Society B: Biological Sciences 265:185-190. 
Clutton-Brock TH, Gaynor D, McIlrath GM, Maccoll ADC, Kansky R, Chadwick P, Manser MB, 
Skinner JD, Brotherton PNM, 1999a. Predation, group size and mortality in a cooperative 
mongoose, Suricata suricatta. Journal of Animal Ecology 68:672-683.  
Clutton-Brock TH, Hodge SJ, Spong G, Russell AF, Jordan NR, Bennett NC, Sharpe LL, Manser MB, 
2006. Intrasexual competition and sexual selection in cooperative mammals. Nature 
444:1065-1068. 
Clutton-Brock TH, Manser MB, 2016. Meerkats: cooperative breeding in the Kalahari. Cooperative 
breeding in vertebrates: Studies of ecology, evolution, and behavior:294-317. 
Clutton-Brock TH, O'Riain MJ, Brotherton PNM, Gaynor D, Kansky R, Griffin AS, Manser M, 1999b. 
Selfish sentinels in cooperative mammals. Science 284:1640-1644. 
Clutton-Brock TH, PNM B, Smith R, McIlrath G, Kansky R, Gaynor D, O'riain M, Skinner J, 1998c. 
Infanticide and expulsion of females in a cooperative mammal. Proceedings of the Royal 
Society of London Series B: Biological Sciences 265:2291-2295. 
Clutton-Brock TH, Russell AF, Sharpe LL, Young AJ, Balmforth Z, McIlrath GM, 2002. Evolution and 
development of sex differences in cooperative behavior in meerkats. Science 297:253-256.  
Clutton‐Brock TH, Maccoll A, Chadwick P, Gaynor D, Kansky R, Skinner JD, 1999. Reproduction 
and survival of suricates (Suricata suricatta) in the southern Kalahari. African Journal of 
Ecology 37:69-80. 
Cockburn A, Russell AF, 2011. Cooperative Breeding: A Question of Climate? Current Biology 
21:R195-R197. 
Collier K, Townsend SW, Manser MB, 2017. Call concatenation in wild meerkats. Animal Behaviour 
134:257-269. 
Courter JR, Ritchison G, 2010. Alarm calls of tufted titmice convey information about predator size 
and threat. Behavioral Ecology 21:936-942. 
Covas R, Doutrelant C, 2018. Testing the Sexual and Social Benefits of Cooperation in Animals. 
Trends in Ecology & Evolution. 
Crawley MJ, 2012. The R Book. Jon Wiley & Sons Ltd., Chichester. 
135 
 
Dai AG, 2011. Drought under global warming: a review. Wiley Interdisciplinary Reviews-Climate 
Change 2:45-65. 
Dall SRX, Giraldeau LA, Olsson O, McNamara JM, Stephens DW, 2005. Information and its use by 
animals in evolutionary ecology. Trends in Ecology & Evolution 20:187-193.  
Danchin E, Giraldeau LA, Valone TJ, Wagner RH, 2004. Public information: From nosy neighbors 
to cultural evolution. Science 305:487-491.  Darolová A, Krištofík J, Hoi H, Wink M, 2012. Song complexity in male marsh warblers: does it 
reflect male quality? Journal of Ornithology 153:431-439. 
Darwin C, 1859. The Origin of Species; And, the Descent of Man: Modern library. 
Dattner A, Zahavi A, Zahavi A, 2015. Competition over guarding in the Arabian babbler (Turdoides 
squamiceps), a cooperative breeder. F1000Research 4. 
Davies NB, Krebs JR, West SA, 2012. An introduction to behavioural ecology: John Wiley & Sons. 
Doolan SP, Macdonald DW, 1996. Diet and foraging behaviour of group-living meerkats, Suricata 
suricatta, in the southern Kalahari. Journal of Zoology 239:697-716. Doolan SP, Macdonald DW, 1997. Breeding and juvenile survival among slender‐tailed meerkats 
(Suricata suricatta) in the south‐western Kalahari: ecological and social influences. 
Journal of Zoology 242:309-327. 
Drewe J, Madden J, Pearce G, 2009. The social network structure of a wild meerkat population: 1. 
Inter-group interactions. Behavioral Ecology and Sociobiology 63:1295-1306. 
Dugatkin LA, 1997. Cooperation among animals: an evolutionary perspective: Oxford University 
Press on Demand. 
Duncan C, Gaynor D, Clutton-Brock T, Dyble M, 2019. The evolution of indiscriminate altruism in 
a cooperatively breeding mammal. The American Naturalist 193:841-851. Engesser S, Holub JL, O’Neill LG, Russell AF, Townsend SW, 2019. Chestnut-crowned babbler calls 
are composed of meaningless shared building blocks. Proceedings of the National 
Academy of Sciences 116:19579-19584. 
Engesser S, Ridley AR, Manser MB, Manser A, Townsend SW, 2018. Internal acoustic structuring 
in pied babbler recruitment cries specifies the form of recruitment. Behavioral Ecology 
29:1021-1030. 
Engesser S, Ridley AR, Townsend SW, 2016. Meaningful call combinations and compositional 
processing in the southern pied babbler. Proceedings of the National Academy of Sciences 
113:5976-5981. 
Engesser S, Townsend SW, 2019. Combinatoriality in the vocal systems of nonhuman animals. 
Wiley Interdisciplinary Reviews: Cognitive Science:e1493. 
English S, Bateman AW, Mares R, Ozgul A, Clutton-Brock TH, 2014. Maternal, social and abiotic 
environmental effects on growth vary across life stages in a cooperative mammal. Journal 
of Animal Ecology 83:332-342. 
136 
 
Ferguson J, 1987. Vigilance behaviour in white‐browed sparrow‐weavers Plocepasser mahali. 
Ethology 76:223-235. 
Fichtel C, Manser MB, 2010. Vocal communication in social groups. Animal behaviour: Evolution 
and mechanisms: Springer. p. 29-54. 
Fischer J, Kitchen DM, Seyfarth RM, Cheney DL, 2004. Baboon loud calls advertise male quality: 
acoustic features and their relation to rank, age, and exhaustion. Behavioral Ecology and 
Sociobiology 56:140-148. 
Fischer J, Metz M, Cheney DL, Seyfarth RM, 2001. Baboon responses to graded bark variants. 
Animal Behaviour 61:925-931. 
Freeberg TM, Dunbar RI, Ord TJ, 2012. Social complexity as a proximate and ultimate factor in 
communicative complexity. The Royal Society. p. 1785-1801. 
Freeberg TM, Lucas JR, Clucas B, 2003. Variation in chick-a-dee calls of a Carolina chickadee 
population, Poecile carolinensis: Identity and redundancy within note types. The Journal 
of the Acoustical Society of America 113:2127-2136. 
Galef BG, Giraldeau LA, 2001. Social influences on foraging in vertebrates: causal mechanisms and 
adaptive functions. Animal Behaviour 61:3-15. 
Gall GEC, 2017. Group Coordination and Decision-Making during Foraging in Meerkats (Suricata 
suicatta). (PhD thesis).  University of Zurich, Faculty of Science: University of Zurich. Gall GEC, Manser MB, 2017. Group cohesion in foraging meerkats: follow the moving ‘vocal hot spot’. Royal Society Open Science 4:170004. 
Garland EC, Lilley MS, Goldizen AW, Rekdahl ML, Garrigue C, Noad MJ, 2012. Improved versions 
of the Levenshtein distance method for comparing sequence information in animals’ 
vocalisations: tests using humpback whale song. Behaviour 149:1413-1441. 
Gaston A, 1978. The evolution of group territorial behavior and cooperative breeding. The 
American Naturalist 112:1091-1100. 
Gil MA, Emberts Z, Jones H, St Mary CM, 2017. Social Information on Fear and Food Drives Animal 
Grouping and Fitness. American Naturalist 189:227-241. 
Gill SA, Bierema AMK, 2013. On the Meaning of Alarm Calls: A Review of Functional Reference in 
Avian Alarm Calling. Ethology 119:449-461.  
Giraldeau LA, 1997. The ecology of information use. Behavioural ecology: an evolutionary 
approach Fourth edition:42-68. 
Giraldeau LA, Valone TJ, Templeton JJ, 2002. Potential disadvantages of using socially acquired 
information. Philosophical Transactions of the Royal Society of London B:Biological 
Sciences 357:1559-1566.  
Gouzoules H, Gouzoules S, Miller K, 1996. Skeptical responding in rhesus monkeys (Macaca 
mulatta). International Journal of Primatology 17:549-568. 
137 
 
Griffin AS, West SA, 2003. Kin discrimination and the benefit of helping in cooperatively breeding 
vertebrates. Science 302:634-636. 
Hair JF, Anderson RE, Tatham RL, Black WC, 1995. Multivariate data analysis New York. NY: 
Macmillan. 
Hall K, 1960. Social vigilance behaviour of the chacma baboon, Papio ursinus. Behaviour:261-294. 
Hamilton WD, 1964. The genetical evolution of social behaviour. II. Journal of Theoretical Biology 
7:17-52. 
Hamilton WD, 1971. Geometry for the selfish herd. Journal of theoretical Biology 31:295-311. 
Hanson MT, Coss RG, 2001. Age differences in the response of California ground squirrels 
(Spermophilus beecheyi) to conspecific alarm calls. Ethology 107:259-275. 
Hare JF, Atkins BA, 2001. The squirrel that cried wolf: reliability detection by juvenile 
Richardson's ground squirrels (Spermophilus richardsonii). Behavioral Ecology and 
Sociobiology 51:108-112.  
Harris MA, Murie JO, Duncan JA, 1983. Responses of Columbian ground squirrels to playback of 
recorded calls. Zeitschrift Fur Tierpsychologie-Journal of Comparative Ethology 63:318-
330. 
Hocket C, 1960. The origin of speech. ScientificAmerican 203:88-96. Hodge SJ, Manica A, Flower TP, Clutton‐Brock TH, 2008. Determinants of reproductive success in 
dominant female meerkats. Journal of Animal Ecology 77:92-102. 
Holekamp KE, Smale L, Berg R, Cooper SM, 1997. Hunting rates and hunting success in the spotted 
hyena (Crocuta crocuta). Journal of Zoology 242:1-15. 
Hollen LI, Bell MBV, Radford AN, 2008a. Cooperative sentinel calling? Foragers gain increased 
biomass intake. Current Biology 18:576-579.  
Hollen LI, Bell MBV, Russell A, Niven F, Ridley AR, Radford AN, 2011a. Calling by Concluding 
Sentinels: Coordinating Cooperation or Revealing Risk? Plos One 6.  
Hollen LI, Bell MBV, Wade HM, Rose R, Russell A, Niven F, Ridley AR, Radford AN, 2011b. Ecological 
conditions influence sentinel decisions. Animal Behaviour 82:1435-1441.  
Hollen LI, Clutton-Brock TH, Manser MB, 2008b. Ontogenetic changes in alarm-call production 
and usage in meerkats (Suricata suricatta): adaptations or constraints? Behavioral 
Ecology and Sociobiology 62:821-829. 
Hollen LI, Manser MB, 2006. Ontogeny of alarm call responses in meerkats, Suricata suricatta: the 
roles of age, sex and nearby conspecifics. Animal Behaviour 72:1345-1353. 
Hollen LI, Manser MB, 2007. Motivation before meaning: motivational information encoded in 
meerkat alarm calls develops earlier than referential information. The American 
Naturalist 169:758-767. 
Hollen LI, Radford AN, 2009. The development of alarm call behaviour in mammals and birds. 
Animal Behaviour 78:791-800. 
138 
 
Holveck MJ, Vieira de Castro AC, Lachlan RF, ten Cate C, Riebel K, 2008. Accuracy of song syntax 
learning and singing consistency signal early condition in zebra finches. Behavioral 
Ecology 19:1267-1281. 
Hoogland JL, 1979. Aggression, ectoparasitism, and other possible costs of prairie dog (Sciuridae, 
Cynomys spp.) coloniality. Behaviour:1-35. 
Hoogland JL, 1985. Infanticide in prairie dogs: lactating females kill offspring of close kin. Science 
230:1037-1040. 
Hoogland JL, Sherman PW, 1976. Advantages and disadvantages of bank swallow (Riparia riparia) 
coloniality. Ecological Monographs 46:33-58. 
Horrocks J, Hunte W, 1986. Sentinel behaviour in vervet monkeys: who sees whom first? Animal 
Behaviour 34:1566-1568. 
Hothorn T, Bretz F, Westfall P, Heiberger RM, 2008. multcomp: Simultaneous inference in general 
parametric models. 
Hrdy SB, 2017. Comes the child before man: How cooperative breeding and prolonged 
postweaning dependence shaped human potential. Hunter-gatherer childhoods: 
Routledge. p. 65-91. 
Huchard E, English S, Bell MB, Thavarajah N, Clutton-Brock T, 2016a. Competitive growth in a 
cooperative mammal. Nature 533:532. 
Hurford JR, 2012. Linguistics from an evolutionary point of view. Philosophy of linguistics 14:473-
498. 
Insley S, Phillips AV, Charrier I, 2003. A review of social recognition in pinnipeds. Aquatic 
Mammals 29:181-201. 
Jansen DA, Cant MA, Manser MB, 2012. Segmental concatenation of individual signatures and 
context cues in banded mongoose (Mungos mungo) close calls. BMC Biology 10:97. 
Jetz W, Rubenstein DR, 2011. Environmental Uncertainty and the Global Biogeography of 
Cooperative Breeding in Birds. Current Biology 21:72-78. 
Jones IL, Falls JB, Gaston AJ, 1987. Vocal recognition between parents and young of ancient 
murrelets, Synthliboramphus antiquus (Aves: Alcidae). Animal Behaviour 35:1405-1415. 
Jordan NR, Cherry MI, Manser MB, 2007. Latrine distribution and patterns of use by wild 
meerkats: implications for territory and mate defence. Animal Behaviour 73:613-622.  
Jouventin P, Aubin T, 2002. Acoustic systems are adapted to breeding ecologies: individual 
recognition in nesting penguins. Animal Behaviour 64:747-757. 
Kenward R, 1978. Hawks and doves: factors affecting success and selection in goshawk attacks on 
woodpigeons. The Journal of Animal Ecology:449-460. 
Kern JM, Radford AN, 2013. Call of duty? Variation in use of the watchman's song by sentinel dwarf 
mongooses, Helogale parvula. Animal Behaviour 85:967-975.  
139 
 
Kern JM, Radford AN, 2017. Reduced social-information provision by immigrants and use by 
residents following dispersal. Current Biology 27:R1266-R1267. 
Kern JM, Radford AN, 2018. Experimental evidence for delayed contingent cooperation among 
wild dwarf mongooses. Proceedings of the National Academy of Sciences 115:6255-6260. 
Kern JM, Sumner S, Radford AN, 2016. Sentinel dominance status influences forager use of social 
information. Behavioral Ecology 27:1053-1060.  
Kershenbaum A, Blumstein DT, Roch MA, Akçay Ç, Backus G, Bee MA, Bohn K, Cao Y, Carter G, Caesar C, 2016. Acoustic sequences in non‐human animals: a tutorial review and 
prospectus. Biological Reviews 91:13-52. 
Kershenbaum A, Bowles AE, Freeberg TM, Jin DZ, Lameira AR, Bohn K, 2014. Animal vocal 
sequences: not the Markov chains we thought they were. Proceedings of the Royal Society 
of London B: Biological Sciences 281:20141370. 
Kershenbaum A, Garland EC, 2015. Quantifying similarity in animal vocal sequences: which metric 
performs best? Methods in Ecology and Evolution 6:1452-1461. 
Kingma SA, Santema P, Taborsky M, Komdeur J, 2014. Group augmentation and the evolution of 
cooperation. Trends in Ecology & Evolution 29:476-484. 
Klecka WR, Iversen GR, 1980. Discriminant analysis: Sage. 
Klenova AV, Volodin IA, Volodina EV, 2009. The variation in reliability of individual vocal 
signature throughout ontogenesis in the red-crowned crane Grus japonensis. Acta 
Ethologica 12:29-36. 
Kohonen T, 1985. Median strings. Pattern Recognition Letters 3:309-313. 
Kokko H, Johnstone RA, Clutton-Brock TH, 2001. The evolution of cooperative breeding through 
group augmentation. Proceedings of the Royal Society of London B: Biological Sciences 
268:187-196. 
Komdeur J, 1992. Importance of habitat saturation and territory quality for evolution of 
cooperative breeding in the Seychelles warbler. Nature 358:493. 
Komdeur J, 1994. The effect of kinship on helping in the cooperative breeding Seychelles warbler 
(Acrocephalus sechellensis). Proceedings of the Royal Society of London B: Biological 
Sciences 256:47-52. 
Kondo N, Watanabe S, 2009. Contact calls: information and social function. Japanese Psychological 
Research 51:197-208. 
Krause J, Ruxton GD, 2002. Living in groups. Living in groups:i. 
Kruuk H, 1964. Predators and anti-predator behaviour of the black-headed gull (Larus ridibundus 
L.). Behaviour supplement:III-129. 
Kruuk H, 1972. The spotted hyena: a study of predation and social behavior. 
140 
 
Lapshina EN, Volodin IA, Volodina EV, Frey R, Efremova KO, Soldatova NV, 2012. The ontogeny of 
acoustic individuality in the nasal calls of captive goitred gazelles, Gazella subgutturosa. 
Behavioural Processes 90:323-330. 
Lefevre K, Gaston AJ, Montgomerie R, 2001. Repertoire, structure, and individual distinctiveness 
of Thick-billed Murre calls. The Condor 103:134-142. 
Lefevre K, Montgomerie R, Gaston AJ, 1998. Parent–offspring recognition in thick-billed murres 
(Aves: Alcidae). Animal Behaviour 55:925-938. 
Leighton GM, 2017. Cooperative breeding influences the number and type of vocalizations in avian 
lineages. Proceedings of the Royal Society of London B: Biological Sciences 284:20171508. 
Lima SL, Bednekoff PA, 1999. Temporal variation in danger drives antipredator behavior: The 
predation risk allocation hypothesis. American Naturalist 153:649-659. 
Lukas D, Clutton-Brock T, 2017. Climate and the distribution of cooperative breeding in mammals. 
Royal Society Open Science 4.  
Macdonald DW, 1983. The ecology of carnivore social behaviour. Nature 301:379. 
Macedonia JM, Evans CS, 1993. Variation among mammalian alarm call systems and the problem 
of meaning in animal signals. Ethology 93:177-197. 
Magrath RD, Pitcher BJ, Gardner JL, 2009. An avian eavesdropping network: alarm signal 
reliability and heterospecific response. Behavioral Ecology 20:745-752. 
Manser MB, 1998. The evolution of auditory communication in suricates, Suricata suricatta. (PhD 
thesis), Cambridge: University of Cambridge. 
Manser MB, 1999. Response of foraging group members to sentinel calls in suricates, Suricata 
suricatta. Proceedings of the Royal Society B: Biological Sciences 266:1013-1019.  
Manser MB, 2001. The acoustic structure of suricates' alarm calls varies with predator type and 
the level of response urgency. Proceedings of the Royal Society B: Biological Sciences 
268:2315-2324.  
Manser MB, Bell MB, 2004. Spatial representation of shelter locations in meerkats, Suricata 
suricatta. Animal Behaviour 68:151-157. 
Manser MB, Bell MB, Fletcher LB, 2001. The information that receivers extract from alarm calls in 
suricates. Proceedings of the Royal Society B: Biological Sciences 268:2485-2491.  
Manser MB, Jansen DA, Graw B, Hollén LI, Bousquet CA, Furrer RD, le Roux A, 2014. Vocal 
complexity in meerkats and other mongoose species. Advances in the Study of Behavior: 
Elsevier. p. 281-310. 
Manser MB, Seyfarth RM, Cheney DL, 2002. Suricate alarm calls signal predator class and urgency. 
Trends in Cognitive Sciences 6:55-57. 
Mares R, Bateman A, English S, Clutton-Brock T, Young A, 2014. Timing of predispersal 
prospecting is influenced by environmental, social and state-dependent factors in 
meerkats. Animal Behaviour 88:185-193. 
141 
 
Marler P, Evans CS, Hauser MD, Papousek H, Jurgens U, Papousek M, 1992. Animal signals: 
motivational, referential, or both? Nonverbal vocal communication: comparative and 
developmental approaches:66-86. 
McGowan KJ, Woolfenden GE, 1989. A sentinel system in the Florida scrub jay. Animal Behaviour 
37:1000-1006. 
Miller CT, Thomas AW, 2012. Individual recognition during bouts of antiphonal calling in common 
marmosets. Journal of Comparative Physiology A 198:337-346. 
Mitani JC, Brandt KL, 1994. Social factors influence the acoustic variability in the long-distance 
calls of male chimpanzees. Ethology 96:233-252. 
Nakano R, Nakagawa R, Tokimoto N, Okanoya K, 2013. Alarm call discrimination in a social rodent: 
adult but not juvenile degu calls induce high vigilance. Journal of Ethology 31:115-121. 
Neill S, Cullen JM, 1974. Experiments on whether schooling by their prey affects the hunting 
behaviour of cephalopods and fish predators. Journal of Zoology 172:549-569. 
Nowak MA, 2006. Five rules for the evolution of cooperation. Science 314:1560-1563. 
Nowak MA, Sigmund K, 1992. Tit for tat in heterogeneous populations. Nature 355:250. 
Nowak MA, Sigmund K, 1993. A strategy of win-stay, lose-shift that outperforms tit-for-tat in the 
Prisoner's Dilemma game. Nature 364:56. 
Nowak MA, Sigmund K, 1998. Evolution of indirect reciprocity by image scoring. Nature 393:573. 
Owens DD, Owens MJ, 1984. Helping behaviour in brown hyenas. Nature 308:843-845. 
Parrish JK, Hamner WM, 1997. Animal groups in three dimensions: how species aggregate: 
Cambridge University Press. 
Partan S, Marler P, 1999. Communication goes multimodal. Science 283:1272-1273. 
Pfefferle D, West PM, Grinnell J, Packer C, Fischer J, 2007. Do acoustic features of lion, Panthera 
leo, roars reflect sex and male condition? The Journal of the Acoustical Society of America 
121:3947-3953. 
Pitcher TJ, Parrish JK, 1992. Functions of shoaling behaviour in teleosts. Behaviour of Teleost 
Fishes 7:363. 
Pulliam HR, 1973. On the advantages of flocking. Journal of Theoretical Biology 38:419-422. 
R Core  Team, 2018. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. 2012. URL http://www R-project org. 
Radford AN, Hollen LI, Bell MBV, 2009. The higher the better: sentinel height influences foraging 
success in a social bird. Proceedings of the Royal Society B:Biological Sciences 276:2437-
2442.  
Radford AN, Ridley AR, 2006. Recruitment calling: a novel form of extended parental care in an 
altricial species. Current Biology 16:1700-1704. 
Radford AN, Ridley AR, 2007. Individuals in foraging groups may use vocal cues when assessing 
their need for anti-predator vigilance. Biology Letters 3:249-252. 
142 
 
Radford AN, Ridley AR, 2008. Close calling regulates spacing between foraging competitors in the 
group-living pied babbler. Animal Behaviour 75:519-527. 
Ramakrishnan U, Coss RG, 2000. Age differences in the responses to adult and juvenile alarm calls 
by bonnet macaques (Macaca radiata). Ethology 106:131-144. 
Rasa OAE, 1977. The ethology and sociology of the dwarf mongoose (Helogale undulata rufula). 
Zeitschrift für Tierpsychologie 43:337-406. 
Rasa OAE, 1986. Coordinated vigilance in dwarf mongoose family groups - the watchmans song 
hypothesis and the costs of guarding. Ethology 71:340-344. 
Rasa OAE, 1987a. The dwarf mongoose: a study of behavior and social structure in relation to 
ecology in a small, social carnivore. Advances in the Study of Behavior: Elsevier. p. 121-
163. 
Rasa OAE, 1987b. Vigilance behaviour in dwarf mongooses: Selfish or altruistic? South African 
Journal of Science 83:587-590. 
Rasa OAE, 1989. The costs and effectiveness of vigilance behaviour in the dwarf mongoose: 
implications for fitness and optimal group size. Ethology Ecology & Evolution 1:265-282. 
Rauber R, Clutton-Brock TH, Manser MB, 2019a. Data from: Drought decreases cooperative 
sentinel behaviour and affects vocal coordination in meerkats. Dryad Digital Repository. 
Rauber R, Clutton-Brock TH, Manser MB, 2019b. Drought decreases cooperative sentinel behavior 
and affects vocal coordination in meerkats. Behavioral Ecology. 
Rauber R, Manser MB, 2017. Discrete call types referring to predation risk enhance the efficiency 
of the meerkat sentinel system. Scientific Reports 7:44436. 
Rauber R, Manser MB, 2018. Experience of the signaller explains the use of social versus personal 
information in the context of sentinel behaviour in meerkats. Scientific Reports 8:11506. 
Reby D, McComb K, 2003. Anatomical constraints generate honesty: acoustic cues to age and 
weight in the roars of red deer stags. Animal Behaviour 65:519-530. 
Reby D, McComb K, Cargnelutti B, Darwin C, Fitch WT, Clutton-Brock T, 2005. Red deer stags use 
formants as assessment cues during intrasexual agonistic interactions. Proceedings of the 
Royal Society B: Biological Sciences 272:941-947. 
Ridley AR, Nelson-Flower MJ, Thompson AM, 2013. Is sentinel behaviour safe? An experimental 
investigation. Animal Behaviour 85:137-142.  
Ridley AR, Raihani NJ, 2006. Facultative response to a kleptoparasite by the cooperatively 
breeding pied babbler. Behavioral Ecology 18:324-330. 
Ridley AR, Raihani NJ, 2007. Variable postfledging care in a cooperative bird: causes and 
consequences. Behavioral Ecology 18:994-1000.  
Ridley AR, Raihani NJ, Bell MBV, 2010. Experimental evidence that sentinel behaviour is affected 
by risk. Biology Letters 6:445-448.  
143 
 
Robisson P, Aubin T, Bremond JC, 1993. Individuality in the voice of the emperor penguin 
Aptenodytes forsteri: adaptation to a noisy environment. Ethology 94:279-290. 
Rubenstein DR, 2011. Spatiotemporal environmental variation, risk aversion, and the evolution of 
cooperative breeding as a bet-hedging strategy. Proceedings of the National Academy of 
Sciences of the United States of America 108:10816-10822.  
Russell AF, 2004. Mammals: comparisons and contrasts. Cambridge: University Press: Cambridge: 
University Press. 
Russell AF, Clutton-Brock TH, Brotherton PNM, Sharpe LL, McIlrath GM, Dalerum FD, Cameron EZ, 
Barnard JA, 2002. Factors affecting pup growth and survival in co-operatively breeding 
meerkats Suricata suricatta. Journal of Animal Ecology 71:700-709.  
Rymer TL, Pillay N, Schradin C, 2016. Resilience to drought in mammals: a conceptual framework 
for estimating vulnerability of a single species. Quarterly Review of Biology 91:133-176. 
Salmi R, Hammerschmidt K, Doran-Sheehy DM, 2014. Individual distinctiveness in call types of 
wild western female gorillas. PloS One 9:e101940. 
Sayigh LS, Esch HC, Wells RS, Janik VM, 2007. Facts about signature whistles of bottlenose 
dolphins, Tursiops truncatus. Animal Behaviour 74:1631-1642. 
Sayigh LS, Tyack PL, Wells RS, Scott MD, 1990. Signature whistles of free-ranging bottlenose-
dolphins Tursiops truncatus: Stability and mother offsrping comparison. Behavioral 
Ecology and Sociobiology 26:247-260. 
Sayigh LS, Tyack PL, Wells RS, Solow AR, Scott MD, Irvine A, 1999. Individual recognition in wild 
bottlenose dolphins: a field test using playback experiments. Animal Behaviour 57:41-50. 
Schamberg I, Wittig RM, Crockford C, 2018. Call type signals caller goal: a new take on ultimate 
and proximate influences in vocal production. Biological Reviews 93:2071-2082. 
Schibler F, Manser MB, 2007. The irrelevance of individual discrimination in meerkat alarm calls. 
Animal Behaviour 74:1259-1268.  
Schneider TC, Kappeler PM, 2014. Social systems and life-history characteristics of mongooses. 
Biological Reviews 89:173-198.  
Schweinfurth MK, Taborsky M, 2018. Reciprocal trading of different commodities in Norway rats. 
Current Biology 28:594-599. e593. 
Seyfarth RM, Cheney DL, 1986. Vocal development in vervet monkeys. Animal Behaviour 34:1640-
1658. 
Seyfarth RM, Cheney DL, Marler P, 1980. Monkey responses to 3 different alarm calls - evidence 
of predator classification and semantic communication. Science 210:801-803. 
Sharpe LL, Hill A, Cherry MI, 2013. Individual recognition in a wild cooperative mammal using 
contact calls. Animal Behaviour 86:893-900. 
Shen SF, Emlen ST, Koenig WD, Rubenstein DR, 2017. The ecology of cooperative breeding 
behaviour. Ecology Letters 20:708-720. 
144 
 
Sherman PW, 1977. Nepotism and the evolution of alarm calls. Science 197:1246-1253. 
Silk JB, 2007. The adaptive value of sociality in mammalian groups. Philosophical Transactions of 
the Royal Society B: Biological Sciences 362:539-559. 
Snowdon CT, 2001. Social processes in communication and cognition in callitrichid monkeys: a 
review. Animal Cognition 4:247-257. 
Snowdon CT, Cleveland J, 1980. Individual recognition of contact calls by pygmy marmosets. 
Animal Behaviour 28:717-727. 
Snowdon CT, Elowson AM, 1999. Pygmy marmosets modify call structure when paired. Ethology 
105:893-908. 
Solomon NG, French JA, 1997. Cooperative breeding in mammals: Cambridge University Press. 
Stacey PB, Koenig WD, 1990. Cooperative breeding in birds: long term studies of ecology and 
behaviour: Cambridge University Press. 
Stephens P, Russell A, Young A, Sutherland W, Clutton-Brock T, 2004. Dispersal, eviction, and 
conflict in meerkats (Suricata suricatta): an evolutionarily stable strategy model. The 
American Naturalist 165:120-135. 
Templeton CN, Greene E, Davis K, 2005. Allometry of alarm calls: Black-capped chickadees encode 
information about predator size. Science 308:1934-1937. 
Thavarajah NK, Fenkes M, Clutton-Brock TH, 2014. The determinants of dominance relationships 
among subordinate females in the cooperatively breeding meerkat. Behaviour 151:89-
102. 
Theis KR, Greene KM, Benson-Amram SR, Holekamp KE, 2007. Sources of variation in the long-
distance vocalizations of spotted hyenas. Behaviour 144:557-584. 
Thornton A, Samson J, Clutton-Brock T, 2010. Multi-generational persistence of traditions in 
neighbouring meerkat groups. Proceedings of the Royal Society B: Biological Sciences 
277:3623-3629.  
Trivers RL, 1971. The evolution of reciprocal altruism. The Quarterly review of biology 46:35-57. 
Trivers RL, 2006. Reciprocal altruism: 30 years later. Cooperation in primates and humans: 
Springer. p. 67-83. 
Valone TJ, 2007. From eavesdropping on performance to copying the behavior of others: a review 
of public information use. Behavioral Ecology and Sociobiology 62:1-14. 
Valone TJ, Templeton JJ, 2002. Public information for the assessment of quality: a widespread 
social phenomenon. Philosophical Transactions of the Royal Society of London Series B: 
Biological Sciences 357:1549-1557. 
van Bergen Y, Coolen I, Laland KN, 2004. Nine-spined sticklebacks exploit the most reliable source 
when public and private information conflict. Proceedings of the Royal Society B: 
Biological Sciences 271:957-962. 
van der Loo M, van der Laan J, Team RC, Logan N, Muir C, 2019. Package ‘stringdist’. 
145 
 
Vannoni E, McElligott AG, 2007. Individual acoustic variation in fallow deer (Dama dama) common and harsh groans: a source‐filter theory perspective. Ethology 113:223-234. 
Volodin IA, Lapshina EN, Volodina EV, Frey R, Soldatova NV, 2011. Nasal and oral calls in juvenile 
goitred gazelles (Gazella subgutturosa) and their potential to encode sex and identity. 
Ethology 117:294-308. 
Walker LA, York JE, Young AJ, 2016. Sexually selected sentinels? Evidence of a role for intrasexual 
competition in sentinel behavior. Behavioral Ecology 27:1461-1470. 
West SA, Griffin AS, Gardner A, 2007. Social semantics: altruism, cooperation, mutualism, strong 
reciprocity and group selection. Journal of evolutionary biology 20:415-432. 
Wheatcroft D, 2015. Repetition rate of calls used in multiple contexts communicates presence of 
predators to nestlings and adult birds. Animal Behaviour 103:35-44. 
Wickler W, 1985. Coordination of vigilance in bird groups - the watchmans song hypothesis. 
Zeitschrift Fur Tierpsychologie-Journal of Comparative Ethology 69:250-253. 
Wiley EM, Ridley AR, 2016. The effects of temperature on offspring provisioning in a cooperative 
breeder. Animal Behaviour 117:187-195. 
Wilkinson GS, 1988. Reciprocal altruism in bats and other mammals. Ethology and Sociobiology 
9:85-100. 
Wilson EO, 1975. Sociobiology - The New Synthesis. Harward University Press, Harward. 
Wright J, Berg E, De Kort SR, Khazin V, Maklakov AA, 2001a. Cooperative sentinel behaviour in the 
Arabian babbler. Animal Behaviour 62:973-979.  
Wright J, Berg E, de Kort SR, Khazin V, Maklakov AA, 2001b. Safe selfish sentinels in a cooperative 
bird. Journal of Animal Ecology 70:1070-1079.  
Wright J, Maklakov AA, Khazin V, 2001c. State-dependent sentinels: an experimental study in the 
Arabian babbler. Proceedings of the Royal Society of London Series B: Biological Sciences 
268:821-826. 
Young AJ, Carlson AA, Clutton-Brock T, 2005. Trade-offs between extraterritorial prospecting and 
helping in a cooperative mammal. Animal Behaviour 70:829-837. 
Young AJ, Carlson AA, Monfort SL, Russell AF, Bennett NC, Clutton-Brock T, 2006. Stress and the 
suppression of subordinate reproduction in cooperatively breeding meerkats. 
Proceedings of the National Academy of Sciences 103:12005-12010. 
Young AJ, Spong G, Clutton-Brock T, 2007. Subordinate male meerkats prospect for extra-group 
paternity: alternative reproductive tactics in a cooperative mammal. Proceedings of the 
Royal Society B: Biological Sciences 274:1603-1609. 
Zahavi A, 1989. Arabian babbler. Lifetime reproduction in birds:254-275. 
Zahavi A, 1990. Arabian babblers: the quest for social status in a cooperative breeder. Cooperative 
breeding in birds:103-130. 
146 
 
Zahavi A, Zahavi A, 1999. The handicap principle: A missing piece of Darwin's puzzle: Oxford 
University Press. 
Zoratto F, Santucci D, Alleva E, 2009. Theories commonly adopted to explain the antipredatory 
benefits of the group life: the case of starling (Sturnus vulgaris). Atti della Accademia 
Nazionale dei Lincei Classe di Scienze Fisiche Matematiche e Naturali Rendiconti Lincei 
Scienze Fisiche e Naturali 20:163-176. 
 
